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Preface

The EnergyPLAN model has been developed and expanded into the present version 10.0 in the
period since year 1999. Initially, the model was developed by Henrik Lund and implemented in an
EXCEL spreadsheet. Very soon, the model grew huge, and consequently, in 2001, the primary
programming of the model was transformed into visual basic (from version 3.0 to 4.4). At the same
time, all the hour-by-hour distribution data were transformed into external text files. Altogether, this
reduced the size of the model by a factor 30. This transformation was done in collaboration with Leif
Tambjerg and Ebbe Miinster (PlanEnergi consultants).

During 2002, the model was re-programmed in Delphi Pascal into version 5.0. And during 2003, the
model was expanded into version 6.0. This transformation was implemented by Henrik Lund with the
help and assistance of Anders N. Andersen and Henning Mang (Energy and Environmental Data). In
version 6.0, the model was expanded with a possibility of calculating the influence of CO, emissions
and the share of renewable energy sources (RES) when the electricity supply is seen as a part of the
total energy system of a region. Further possibilities of analysing different trade options on the
external electricity market were added.

During the spring of 2005, the model was expanded into version 6.2 in a comparative study with the
H2RES model with a focus on energy system analysis of renewable islands. The comparative study
was done together with Neven Duic and Goran Krajaci¢ from University of Zagreb. As part of the
work, two new possibilities of storing/converting electricity storage facilities were added to the
EnergyPLAN model. The one is an electricity storage unit, which can be used for modelling, e.g.,
hydro storage or battery storage. The other is electrolysers which are able to produce fuel (e.g.
hydrogen) and heat for district heating. Moreover, the facility of modelling V2Gs (Vehicle to grid) was
implemented in corporation with Willet Kempton from University of Delaware.

During the autumn of 2005 and the spring of 2006, the model was expanded further into version 6.6.
The main focus was to be able to model the energy systems of six European countries as part of the
EU project DESIRE. Consequently, the possibility of selecting more renewable units, nuclear power
and hydro power with water storage and reversible pump facilities was added to the system.

During the summer and autumn of 2006, the model was expanded further into version 7.0. New
components such as different transport options and different individual heating options have been
added. A detailed model of Compressed Air Energy Storage (CAES) has been implemented by the
help of PhD student Georges Salgi. Different options of waste utilisation have been added and tested
by the help of PhD student Marie Minster. However, the primary achievement has been to
implement a new economic regulation of the total energy system on the basis of the optimisation of
the business-economic marginal production costs of each component in the system. An option to
calculate total annual socio-economic costs has also been added. The new options have been tested
and applied to an Energy Plan 2030 for Denmark by the help of PhD student Brian Vad Mathiesen.
Diagrams of the expanded energy model have been made and implemented into the user interface
with the assistance of Mette Reiche Sgrensen, Aalborg University, who has also assisted in the
writing of this documentation.

In the beginning of 2010, version 8 included new facilities of waste-to-energy technologies in
combination with geothermal and absorption heat pumps developed by the help of Poul @stergaard,
new facilities of Pump-Hydro-Energy-Storage helped by David Connolly together with a number of



small improvements initiated by Poul @stergaard and Brian Vad Mathiesen. Among others, it became
an option to store COST data alone.

The upgrading to version 9.0 by the end of 2010 was primarily the combined result of two research
projects, namely CEESA (Coherent Energy and Environmental System Analysis) partly financed by the
Danish Council for Strategic Research and EnergyTown Frederikshavn partly financed by the
European Regional Development Fond and Public Service Obligation funds from the Danish TSO
Energinet.dk.

The major new development was the inclusion of various Biomass Conversion Technologies together
with the calculation of a balance of the gas grid including import/export and storage and regulation
strategies to minimise exchange. The gas grid may be natural gas with and/or without inclusion of
inputs from biogas and syngas. Additional to biomass-to-gas conversion technologies, version 9.0
also included biomass-to-biofuel technologies, which are used for transport. The above-mentioned
new technologies have been included as a result of the input from two work packages in CEESA with
a focus on transport and biomass in collaboration with Brian Vad Mathiesen and Davide Tonini.

Additional to the biomass conversion technologies, the model has been expanded by new grid
stabilisation measures, i.e., the inclusion of V2Gs and transmission lines as part of the stabilisation
options. Such expansion is the result of input and analyses from a work package in CEESA with a
special focus on the development of future electric grid structures.

Moreover, a number of improvements have been made, i.e.

further improvements of the inclusion of Pump Hydro Storage Systems in collaboration with
David Connolly, Limerick University, Ireland.

further improvements of V2G regulation options in collaboration with Nina Juul Andersen,
DTU-Ris@, Denmark.

- further improvements of the inclusion of micro heat pumps in the integration of wind power in
collaboration with Carsten Hedegaard, DTU-Ris@g, Denmark.

further improvements in the inclusion of geothermal sources in combination with steam from
waste CHP plants in collaboration with Poul (stergaard (as a part of EnergyTown
Frederikshavn).

In version 10, the following changes have been made to the model:
- A whole new tab sheet and section of synthetic gas and fuel has been added, including the
hydrogenation of Biogas and Gasification Gas, as well as synthetic gas made out of carbon
sequestration and Hydrogen from electrolysis.
- Cooling has been improved by adding natural cooling and a graphic presentation
- The transportation tab sheet has been restructured to better include synthetic liquid fuels

Finally, in the development of both versions 9.0 and 10.0, | acknowledge the help of David Connolly,
Poul @stergaard and Brian Vad Mathiesen in providing valuable inputs and testing the improvements
during the development period.

In version 11, the following changes have been made:
- The most significant improvement in this version is the new appearance. This includes a new
colour scheme, buttons, and graphics thanks to a huge effort by David Connolly and Iva
Ridjan. As part of the facelift the homepage has been completely redesigned by Maja
Taghdissi Jani Gierringe, Christina Jensen, Sgren Kristensen Gravesen and Jeppe Dejgaard



Hansen under the guidance of David Connolly and Brian Vad Mathiesen. The new website
includes a support forum to help you with your questions.

- Next, the model can now facilitate additional help tools. These help tools are add-on programs
which aid the user when creating a model in EnergyPLAN. Three new help tools are included
in version 11, which are:

0 A “Distribution File Editor” tool in which one can load, change and save distribution
files as well as show them in diagrams of hour-by-hour and duration curves. These
graphs can be copied into your documentation when reporting your results.

0 A “Compare Version” tool in which one can compare the results of a model from
different versions of EnergyPLAN. This help tool may assist when a new version is
released to identify any changes in previous models and calculations.

0 A “Compare Input” tool in which one may compare different input data to identify
any differences. This tool was created and is maintained by Poul @stergaard.

- Finally a new technology has been added to the model, which is a desalination unit. This has
been carried out as part of the EU financed project JORIEW, with the valuable inputs of
Tomislav Novoseland rest of the participants.

Henrik Lund, Aalborg University, September 2013
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Nomenclature

Variables are used for demands, productions, and efficiencies and similarly for various components,
such as electricity demands, boiler productions, etc. The demand and production unit specifications

are given as indexes to the demands and productions.

Annual demands and productions are written in capital letters such as Q and E. The hourly value is
written in small letters such as g and e, using the same alphabetic letters for the same demands. E.g.,
the capital letter D is used for annual electricity demands and the small letter d is used for hourly
values of electricity demands. Such notation is short for the relation that the sum of 8784 hours of
d’s during a year adds up to the value of capital D:

x=1

DE:
8784

2 de(x)

Examples: D, dexpav, howa,

Annual Demands

Hourly demands

D Annual electricity Demand D hourly electricity demand

H Annual Heat demand h hourly heat demand

F Annual Fuel demand/consumption | f hourly fuel demand

Index

E Electricity demand M-Coal Individual Coal boilers

EH Electricity heating demand M-0il Individual Qil boilers

EC Electricity cooling demand M-Ngas Individual Natural gas boilers
EX Fixed Exchange electricity demand | M-Bio Individual Biomass boilers
FXDay Flexible demand (1 day) M-H2CHP Micro Hydrogen CHP
FXWeek Flexible demand (1 week) M-NgasCHP Micro Natural gas CHP
FX4Week | Flexible demand (4 weeks) M-BioCHP Micro Biomass CHP

DH1 District Heating group 1 M-HP Individual Heat Pump
DH2 District Heating group 2 M-EH Individual Electric heating
DH3 District Heating group 3 T Transport

Cool Cooling (electric grid) BEV Battery Electric Vehicle
Cooll Cooling in DH1 V2G Vehicle to Grid

Cool2 Cooling in DH2 wi Waste in DH1

Cool3 Cooling in DH3 W2 Waste in DH2

| Industry w3 Waste in DH3

\' Various

CSHP Industrial Combined Heat & Power




Examples: Ccupz, €np2, Qa2, Hewpzr Olercas

Annual Productions

Hourly productions

E Annual electricity production e hourly electricity production
Q Annual Heat production q hourly heat production
F Annual Fuel demand/consumption | f hourly fuel demand or produc.
W Annual Water supply to Hydro w hourly water supply

S hourly energy content in storage
Capacities Efficiencies
C Capacity (Electric) u electric (=electric/fuel)
T Capacity (Thermal) [ thermal (=heat/fuel)
S Capacity storage (Energy) ¢ COP (=heat/elec) for HPs

o fuel (=fuel/elec) for electrolysers
LOSS Loss from storage v waste/biomass to fluid biofuels
SHARE Share of e.g. DH with Solar n waste/biomass to solid biofuels
FAC Correction Factor (e.g. RES prod.) T w./biom. to non energy
LIMIT Capacity limit of micro CHP etc. K products
Stab Grid stabilisation share A gas to gas grid quality

Y steam (steam/fuel)

Cold gas (gas/biomass)

Index Various factors
Bl Boiler in DH group 1 Hydro Hydro power
B2 Boiler in DH group 2 HydroPump | Reversible Hydro power
B3 Boiler in DH group 3 Nuclear Nuclear
CHP2 Combined Heat Power in DH gr. 2 Geo Geothermal
CHP3 Combined Heat Power in DH gr. 3 Elc2 Electrolyser in DH group 2
HP2 Heat Pump in DH group 1 Elc3 Electrolyser in DH group 3
HP3 Heat Pump in DH group 2 ElcT Electrolyser for transport
PP Power plant (Condensing) ElcM Electrolyser for micro CHP
Solarl Solar thermal in DH group 1 Pump Electricity storage charging unit
Solar2 Solar thermal in DH group 2 Turbine Electricity storage discharge unit
Solar3 Solar thermal in DH group 3 CAES Compressed Air Energy Storage
Resl Renewable Energy Source 1 Bio Biogas plant
Res2 Renewable Energy Source 2 GASI Gasification plant
Res3 Renewable Energy Source 3 BioDiesel Bio Diesel plant
Res4 Renewable Energy Source 4 BioPetrol Bio Petrol plant
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ExampIGS: PCoaI-WM; PCoaI-TaxI; COZCoaIr

Annual Demands and prices

Hourly demands

P Average Annual price p hourly prices

A Annual Cost n lifetime

Co, CO, emissions i interest rate

Index

WM World Market TaxIndv Fuel Taxes for individuals
HCen Handling Costs to central level Taxl Fuel Taxes for industry
HDec Handling Costs to decentralised TaxB Fuel Taxes for Boilers
Hindv Handling Costs to individual TaxCHP Fuel Taxes for CHP
HRoad Handling Costs to road transport TaxCAES Fuel Taxes for CAES

HAir Handling Costs to air transport VvVOoC Variable Operational Costs
Unit Per unit prices FOC Fixed Operational Cost

11




1. Introduction

The EnergyPLAN model is a computer model for Energy Systems Analysis. The model has been
developed and expanded on a continuous basis since 1999. The analysis is carried out in hourly steps
for one year. And the consequences are analysed on the basis of different technical regulation
strategies as well as market-economic optimisation strategies.

1.1. Purpose and application

The main purpose of the model is to assist the design of national energy planning strategies on the
basis of technical and economic analyses of the consequences of different national energy systems
and investments. However, the model has also been applied to the European level as well as to a
local level such as towns and/or municipalities. From the first version, the model has emphasised the
analysis of different regulation strategies with a focus on the interaction between combined heat and
power production (CHP) and fluctuating renewable energy sources. Moreover, the model emphasises
the synergies of including the whole energy system and, through the various versions, the model has
been expanded to include a wide range of technologies with a focus on analysing the interaction
between the electricity, gas, district heating and cooling grids.

The model is an input/output model. General inputs are demands, renewable energy sources, energy
plant capacities, costs and a number of optional different regulation strategies emphasising
import/export and excess electricity production. Outputs are energy balances and resulting annual
productions, fuel consumption, import/exports and total costs including income from the exchange
of electricity.

The model can be used for different kinds of energy system analyses:

Technical analysis

Design and analysis of large and complex energy systems at the national level and under different
technical regulation strategies. In this analysis, input is a description of energy demands, production
capacities and efficiencies, and energy sources. Output consists of annual energy balances, fuel
consumptions and CO, emissions.

Market exchange analysis

Further analysis of trade and exchange on international electricity markets. In this case, the model
needs further input in order to identify the prices on the market and to determine the response of
the market prices to changes in import and export. Input is also needed in order to determine
marginal production costs of the individual electricity production units. The modelling is based on the
fundamental assumption that each plant optimises according to business-economic profits, including
any taxes and CO, emissions costs.

Feasibility Studies

Calculation of feasibility in terms of total annual costs of the system under different designs and
regulation strategies. In such case, inputs such as investment costs and fixed operational and
maintenance costs have to be added together with lifetime periods and an interest rate. The model
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determines the socio-economic consequences of the productions. The costs are divided into 1) fuel
costs, 2) variable operational costs, 3) investment costs, 4) fixed operational costs, 5) electricity
exchange costs and benefits, and 5) possible CO, payments.

1.2. Smart Energy Systems

The principle of the energy system of the EnergyPLAN model is shown in the diagram on the front

page. Basically, the input of the energy system consists of the following:

Energy demands (heat, electricity, transport, etc.)

Energy production units and resources (wind turbines, power plants, oil boilers, storage, etc.)
including energy conversion units such as electrolysers, biogas and gasification plants as well
as hydrogenation units.

Regulation (defining the regulation and operation of each plant and the system including
technical limitations such as transmission capacity, etc.)

Costs (Fuel costs, taxes, variable and fixed operational costs and investment costs)

Electricity
Productionf Fuel e
conversion Balancing
‘ Wind }_.{ =Y ‘ ‘ PP ‘ Hydro Industrial Nuclear | Import/Export
X L ; Power CHP
I W i River-off —_——
e Hydro CHP Micro Geothermal
i - o CHPs PP +—| VaG
‘ Tidal }--[ CSP l
.. ¥ L 4 r r 2 - ¥ . Electricity storage
Electricity l l l l l PHES
y | . L N N o Battery
! " Electro- etc.
Demand Electric heat Cooling lyser Heat pump BEV
/ X ! .’_r N\
Flexible l 1 ( Biomass l l
demand conversion +«—>| CAES Fuel
Demand/ . J - /' H, Heat Heat
CUI'ISI.IITIPlll)l\

lllustration of components involved when the EnergyPLAN model calculates hourly balancing of the
ELECTRICITY system including interactions with other parts of the whole system

The design of EnergyPLAN emphasises the option of looking at the complete energy system as a
whole. E.g., the challenge of integrating fluctuating power from renewable energy sources into the
electricity grid by the use of smart grids should not be looked upon as an isolated issue, but should
be seen as one out of various means and challenges of approaching sustainable energy systems in
general. Therefore, EnergyPLAN is designed to be a tool in which, e.g., electricity smart grids can be
coordinated with the utilisation of renewable energy for other purposes than electricity production.
In the tool, renewable energy is converted into other forms of carriers than electricity, including
heat, hydrogen, synthetic gases and biofuels, as well as energy conservation and efficiency
improvements, such as CHP and improved efficiencies, e.g., in the form of fuel cells. All such
measures have the potential for replacing fossil fuels or improving the fuel efficiency of the system.
The long-term relevant systems are those in which such measures are combined with energy

13



conservation and system efficiency improvements. Consequently, the EnergyPLAN tool can be used
for analyses which illustrate, e.g., why electricity smart grids should be seen as part of overall smart

energy systems.

District heating

Production/ q
conversion Electricity Balancing
A Ty
| ial —
‘ CHP ‘ HP t:;r?]';l ‘ w:r;z:t Gasification Geothermal
J \ J \ J VS
v
By ' ™\ s At i
Boiler Electric Seasonal Electrolyser J Waste incineration
heating storage " J & CHP
\ J
; Y
| Absorption l - Thermal
\ J storage
4 ¥ ¥ . . v I
Y l
— o
Heat g .
atmand Biogas plant Absorption
\ / hS A
Demand/ I
consumption Coeling

lllustration of components involved when the EnergyPLAN model calculates hourly balancing of the
DISTRICT HEATING system including interactions with other parts of the whole system. In the model,
district heating is divided into three separate systems: One meant for Boiler-alone systems; one
meant for small CHP systems, and one meant for large CHP and extraction plants.

District cooling
Product_ionf OH Electricity Balancing
CONYersion l
i i
Matural cooling 1 Absorption ‘ ‘ Compression ‘

l :
k ¥ MNone

Demand/ Demand
consumption

lllustration of components involved when the EnergyPLAN model calculates hourly balancing of the
DISTRICT COOLING system including interactions with other parts of the whole system.
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As a consequence, the EnergyPLAN tool does not only calculate an hourly electricity balance, but also
hourly balances of district heating, cooling, hydrogen and natural gas, including contributions from
biogas, gasification as well as electrolysis and hydrogenation. The following diagrams present a view
of the production and conversion units involved in the balancing of the different grid structures.

Hydrogen

Product.\on.r Balancing
conversion

. ) Electricity
Electricity Electricity ectncity

. . l

[ Electrolyser ‘ [ Electrolyser | | Electrolyser |

Hs H. storage

H, storage H, storage

S — ™ 'd 5 ' Y
[ cHp ( Transport Hydro- €O, hydro-
‘ Boiler ‘ ‘ IR ET? ‘ demand genation genation

PP T ’
Gas Biogas Gas a0,

Demand/ ‘ Gasification

consumption

J

lllustration of components involved when the EnergyPLAN model calculates hourly balancing of the
HYDROGEN system including interactions with other parts of the whole system. In the model,
Hydrogen is calculated as three separate systems: One for CHP and Power plants; one for micro CHPs,
and a joint system for the production of hydrogen for transportation and hydrogenation.

Gas
H, H.
Biomass Biomass
F'rndu:t‘lan; o, Balancing
conversion
Biogas 1 Gasification
y Import/Export
‘ Hydrogenation ‘ Hydrogenation
- — N
Gas storage
s ~ A - P -
[ PP ‘ CHP [ Liquidation Industry Boiler Transport ‘
Demand/ [ Liquid fuel ‘ ‘ Micro CHP ‘
consumption \ ) )

lllustration of components involved when the EnergyPLAN model calculates hourly balancing of the
GAS GRID system including interactions with other parts of the whole system.
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Basically, the model distinguishes between technical regulation and market-economic regulation. In
the following, a list of energy demands is presented as well as an overview of all components in the
model together with a short description of how they are operated in the two different regulation
strategies. Also the main inputs of each component are listed.

16



1.3. Energy Systems Analysis in the EnergyPLAN model

The procedure of the energy system analysis is shown in the diagram. The calculations are based on
the small calculation described in the previous section, which is made simultaneously with the typing
of input data in the input and cost tab sheets. Next step consists of some initial calculations, which
do not involve electricity balancing. Then the procedure is divided into EITHER a technical OR a
market-economic optimisation. The technical optimisation minimises the import/export of electricity
and seeks to identify the least fuel-consuming solution. On the other hand, the market-economic
optimisation identifies the least-cost solution on the basis of the business-economic costs of each
production unit.

Step 1 (Chapter 4):
Calculation from the inbut tab sheets

'

Step 2 (Chapter 5):
Initial calculations not involvina electricitv

' '

EITHER Step 3A (Chapter 6): OR Step 3B (Chapter 7):
Technical Market-Economic
Energy System Optimisation Energy System Optimisation
Step 4 (Chapter 8):

CEEP reaulation. Fuel. CO-» and Cost

Step 1: Calculation from the input tab sheets:

1.

oukwN

8.

9.

Electricity demand is calculated as in input tab sheet section 3.1.1

Solar thermal as in section 3.2.1

RES1, ... RES4 as in section 3.3.1

Hydro Power input as in section 3.3.2

Nuclear Power or Geothermal as in section 3.3.3

Hourly distribution between cooling produced from natural cooling and/or district heating and
electricity as in section 3.5

Individual solar thermal, boilers, CHPs and heat pumps are calculated as in section 3.6 (If
electrolysers for hydrogen productions are not specified, then the model will identify a
minimum capacity and define an electrolyser)

Biofuels for transport and CHP/Boilers produced on waste as in section 3.9.1

Biogas, gasification and biofuel outputs as in section 3.10

10. Synthetic grid gas and biofuels as in section 3.11
11.Market prices of external market as in section 3.17.1
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Step 2: Initial calculations not involving electricity balancing
1. Fixed import/export of electricity specified in the Electricity demand tab sheet (section 4.1).
2. District heating demands incl. heating demands from absorption cooling (section 4.2).
3. Industrial and Waste district heating and electricity productions (section 4.3).
4. Fixed Boiler production subtracted from the district heating demand (section 4.4).
5. Boiler production in district heating group 1 (section 4.5).

EITHER Step 3A: Technical Energy System Analysis
1. CHP, heat pumps and boilers in groups 2 and 3 (regulation 1 or 4) (section 5.2).
2. Flexible electricity demand (including dump charge BEV) (section 5.3).
3.CHP, heat pumps and boilers in groups 2 and 3 (regulation 2 or 3) If chosen (overrules
production of regulation 1 or 4) (section 5.4).
4. Hydro power (section 5.5).
. Individual CHP and heat pump systems (section 5.6).
6. Electrolyser for micro CHP, transport, hydrogenation and CHP and Boilers in DH group 2 and
DH group 3 (section 5.7).
7. Heat storage in groups 3 and 2 (section 5.8).
8. Transport (Smart charge and V2G) (section 5.9).
9. Electricity storage (section 5.10).
The calculation of condensing power and import/export including CEEP and EEEP (Critical and
Exportable Excess Electricity production) are calculated continuously more or less after each of the
sequences in the technical energy system analysis procedure (section 5.1).

wn

OR Step 3B: Market-Economic Energy System Analysis
1. Net Import and resulting external market price as in section 6.1

. Market economic optimisation as in section 6.2

. CHP3 minimum production as in section 6.3

. Boilers and solar thermal in district heating as in section 6.4

. Hydrogen and electricity demands for electrolysis for transport, micro CHP and hydrogenation
as in section 6.5

. Electricity consumption for heat pumps and electrolysers for hydrogen to CHP and boilers in
district heating groups 2 and 3 as in section 6.6

. Hydro Power as in section 6.7

. Electricity production from CHP and Power Plants as in section 6.8

. Electricity storage as in section 6.9

~ [e)] v b WN

O 0

Step 4: CEEP regulation, Fuel, CO, and Cost calculations

. Fixed boiler production is added to the boilers in groups 2 and 3 as in section 7.1
. Critical Excess Regulation as in section 7.2

. Grid stabilisation as in section 7.3

. Heat balances in district heating systems as in section 7.4

. Fuel consumptions as in section 7.5

. CO, emissions as in section 7.6

. Balancing of Gas Grid as in section 7.7

. Share of Renewable Energy as in section 7.8

.Cost as in section 7.9

OO NOOULLS WN K
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1.4. Energy Demands
Energy demands include the following:

Electricity demand divided into
1. Fixed demand
2. Three types of flexible demands, and
3. Fixed import/export if any.

District heating demand divided into
2. District heating demand in systems without CHP (Boiler systems),
3. District heating demand in decentralised CHP systems and
4. District heating demand in centralised CHP systems (Typically extraction plants or similar).

Cooling demand divided into:
1. Cooling based on electricity supply (air conditioning etc.)
2. Cooling based on heat supply from district heating from the three DH groups mentioned above
(based on absorption technologies)
3. Contribution to district cooling from natural cooling

Heat demand in individual houses divided into
1. Coal, oil, natural gas and biomass boilers
2. Micro CHP on either hydrogen, natural gas or biomass
3. Electric heating or heat pumps

Industry divided into coal, oil, natural gas and biomass
Various divided into coal, oil, natural gas and biomass

Transport divided into
1. Jet fuel, diesel, petrol, natural gas and biomass
2. Biofuels and hydrogen (produced by other components in the system)
3. Electric transport including smart charge and V2Gs (Vehicle to Grid)

Industry, Various and Transport (except from electric transport) are defined by an annual demand,
while all other demands are defined by both an annual demand (TWh per year) and an hourly
distribution data set (name of data set from the data bank).

Additional to the demands above productions units mentioned below may add further to the
demand such as e.g. heat demands for biogas plants, electricity demands for large heat
pumps etc. Such demands are specified along with the definition of the production and
conversion units as well as the resulting operation identified in the energy system analysis
carried out by the EnergyPLAN tool.
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1.5. Overview: Components and Regulation

Renewable Energy Sources

Component Input Technical regulation Market-economic regulation
Wind power Electric capacity and Are given priority in the Are given priority in the electricity
Offshore wind Hourly distribution electricity production production. Marginal production

Photovoltaic
Wave power
River Hydro

costs are defined as zero.

Hydro power Electric capacity

Efficiency

Storage capacity

Annual Water supply
Hourly distribution of water

Variable operational costs

First, best possible utilisation
of all water input given
limitations on capacities is
calculated and used as input.

Secondly, Hydro power is
relocated in the best possible
way to avoid excess electricity
production.

Identify highest possible production
given water input and distribution,
turbine capacity and water storage
capacity.

Sell such maximum production at
the highest possible market prices
to achieve the highest possible
income.

Reversible
Hydro Power

Same input as Hydro plus
Pump Capacity

Pump Efficiency

Pump variable opr. Costs

Same as Hydropower plus

In the end, the Pump is used in
order to avoid excess
electricity production and the
Turbine to avoid production on
condensing power plants.

Same as Hydro power plus

The hydro power pump and turbine
are used to optimise the profit of
the plant based on marginal costs
and losses in the energy conversion

Geothermal
Power

Electric capacity
Efficiency

Hourly distribution
Variable operational costs

Is given priority in the
electricity production.

Produce whenever the electricity
price is higher than the variable
operational costs.

Solar thermal
in district heating
system

For each three DH groups:
Annual production
Hourly distribution

Heat storage capacity
Losses in heat storage

Is given priority in the district
heating supply.

Is given priority in the heat
production. Marginal production
costs are defined as zero.

Solar thermal in
individual houses

For each nine groups:
Annual production
Hourly distribution
Heat storage capacity

Is given priority in the heat
supply.

Is given priority in the heat
production. Marginal production
costs are defined as zero.

Waste utilisation and conversion and industrial electricity and heat production for district heating

Component Input

Technical regulation

Market-economic regulation

Industrial CHP Annual production and

Hourly distribution

Is given priority in the
electricity production

Is given priority in the electricity
production. Marginal production
costs are defined as zero.

Industrial waste
heat for district

For each three DH groups:
Annual production and

Is given priority in the district
heating supply secondary to

Is given priority in the heat
production secondary to solar

heating Hourly distribution solar thermal. thermal. Marginal production costs
are defined as zero.

Waste For each three DH groups: Is given priority in the district Is given priority in the heat

incineration Annual waste input and heating supply secondary to production secondary to solar

Hourly distribution

solar thermal.

thermal. Marginal production costs
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Plant efficiency (thermal)

are defined as zero.

Waste CHP
production

For each three DH groups:
Annual waste input and
Hourly distribution

Plant efficiency (thermal)
Plant efficiency (electric)

Electricity production is given
priority in the supply

Heat production is given
priority in the district heating
supply secondary to solar
thermal.

Is given priority in both electricity
and heat production secondary to
solar thermal. Marginal production
costs are defined as zero.

Waste for biofuel

For each three DH groups:

Biofuel is utilised to replace

Biofuel is utilised to replace fuel in

for CHP and Annual waste input and fuel in relevant CHP units and relevant CHP units and boilers.
boilers Hourly distribution boilers.
Plant efficiency (biofuel)
Waste for For each three DH groups: Biofuel is transferred as input Biofuel is transferred as input to the
biofuels for Annual waste input and to the transport tab sheet. transport tab sheet.
transport Hourly distribution
Plant efficiency (biofuel)
Nuclear power
Component Input Technical regulation Market-economic regulation
Nuclear Power Electric capacity Is given priority in the Produce whenever the electricity
Efficiency electricity production. price is higher than the variable

Hourly distribution
Variable operational costs

operational costs.

Power plants, CHP units, heat pumps, electrolysers, heat storage and boilers for DH production

Component Input Technical regulation Market-economic regulation
Boilers For each three DH groups: Are given last priority. If district | The marginal operational cost,
Thermal capacity heating can not be supplied including fuel costs and taxes, is
Thermal efficiency from any other unit (Solar compared to relevant options (such
Variable operational costs thermal, industrial waste heat, | as CHP, heat pump and heat
Fuel specification CHP, heat pump or heat storage) and the business-
storage) then the boiler is economically least-cost solution is
used. selected.
CHP units For DH groups 2 and 3: Technical regulations 1~ (and | The marginal operational cost
Electric capacity 4) including fuel costs and taxes is
Thermal efficiency Are given priority after solar compared to relevant options (such
Electric efficiency thermal and industrial waste as boiler, heat pump, electrolysers
Variable operational costs heat to cover the heat and heat storage) and the business-
Fuel specification demand. economically least-cost solution is
selected.
Technical regulations 2 (and 3)
Are given priority after solar
thermal and industrial waste
heat to cover the heat demand
only when electricity
production is needed.
Heat Pumps For DH groups 2 and 3: Technical regulations 1 (and 4) | The marginal operational cost,

Electric capacity
COP (Co-efficiency of

Are given priority after CHP
units to cover the heat

including fuel costs and taxes, is
compared to relevant options (such
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performance.)
Variable operational costs

demand.

Technical regulations 2 (and 3)
Are used in combination with
CHP units to cover the heat
demand and balance electricity
supply and demand.

as boiler, CHP, electrolysers and
heat storage) and the business-
economically least-cost solution is
selected.

Heat Storage

For DH groups 2 and 3:
Heat storage capacity

Identify and implement
changes in the use of CHP and
heat pumps which can
decrease excess electricity
production and production on
condensing power plants, and
decrease heat production on
boilers.

The heat storage is used in order to
implement changes in CHP, heat
pump and boilers, which will lead to
better business-economic profits.

Electric boiler

No inputs

Only used as part of Critical
Excess Electricity regulation if
specified in the regulations
strategy

Only used as part of Critical Excess
Electricity regulation if specified in
the regulations strategy

Electrolysers

For DH groups 2 and 3:
Electric capacity
Efficiency (fuel/hydrogen)
Efficiency (heat)

Variable operational costs

Are activated in the case of
excess electricity production to
produce fuel for the CHP and
boilers.

When activated the
electrolysers replace heat
production from CHP and heat
pumps.

The marginal operational cost,
including fuel costs and taxes, is
compared to relevant options (such
as boiler, CHP, heat pumps and heat
storage) and the business-
economically least-cost solution is
selected.

Power plants

Electric capacity
Efficiency (electric)
Variable operational costs
Minimum capacity

Fuel specification

Are given priority after all
other electricity production
units if the demand is still
higher than the supply. (Or if
production is requested for
reasons of grid stability).

Produce whenever the electricity
price is higher than the variable
operational costs.

Individual house heating and micro CHP

Component Input Technical regulation Market-economic regulation
Coal boilers Efficiency Are given priority after solar Are given priority after solar

Qil boilers Hourly distribution thermal. thermal.

Ngas boilers (Fuel consumption is defined

Biomass boilers

as demand)

H2 micro CHP
Ngas micro CHP
Biomass micro
CHP

Heat demand

Hourly distribution

capacity (in % of max heat)
(Reserve boiler with boiler
efficiency of natural gas or
biomass boilers is assumed)
Thermal efficiency

Electric efficiency

Variable operational costs of
both CHP and boilers

Heat storage capacity

Is given priority after solar
thermal and before boiler.

Heat storage (if any) is used
first in order to utilise solar
thermal and, secondly, to
relocate CHP production with
the aim of decreasing excess
electricity production and the
guantity of condensing power
in the overall system.

The marginal cost, including fuel
costs and taxes of electricity
production on CHP, is compared to
boiler only production. CHP is
activated if the marginal cost is
below the market price.

Heat storage is used in order to
achieve best market prices of
electricity produced on CHP.
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Heat pumps in
individual houses

Heat demand

Hourly distribution

capacity (in % of max heat)
(Reserve electric boiler is
assumed)

CcopP

Variable operational costs of
both heat pump and electric
heating

Heat storage

Are given priority after solar
thermal and before electric
boiler.

Heat storage (if any) is used
first in order to utilise solar
thermal and, secondly, to
relocate heat pump
consumption with the aim of
decreasing excess electricity
production and the quantity of
condensing power in the
overall system.

The marginal cost of producing heat
on heat pumps including taxes is
compared to electric heating and
the least-cost option is chosen.

Heat storage is used in order to
achieve lowest market prices of the
electricity consumed by heat
pumps.

Electric heating in
individual houses

Heat demand
Hourly distribution
Heat storage

Is given priority after solar
thermal.

Heat storage (if any) is used
first in order to utilise solar
thermal and, secondly, to
relocate electric heating
consumption with the aim of
decreasing excess electricity
production and the quantity of
condensing power in the
overall system.

Heat storage is used in order to
achieve lowest market prices of the
electricity consumed by heat
pumps.

Transport
Component Input Technical regulation Market-economic
regulation
Airplanes on JP Are defined as fuel None None
demands.
Vehicles on petrol Are defined as fuel None None
Vehicles on diesel demands.
Vehicles on Ngas
Vehicles on biofuels
Vehicles on biofuels from | None None None
waste conversion (Are defined as fuel output
from conversion of waste)
Vehicles on Hydrogen Hydrogen fuel demand and None None

Hourly distribution
(additional input data for
electrolysers are needed,
see below)

(However, the electrolyser
is subject to regulation)

(However, the electrolyser is
subject to regulation)

BEV (Battery Electric
Vebhicle). Dump charge

Electricity demand and
Hourly distribution

None

(Is included as a fixed
electricity demand defined
by the hourly distribution.

None

(Is included as a fixed electricity
demand defined by the hourly
distribution.

BEV (Battery Electric
Vehicle). Smart charge

Electricity demand and
Hour distribution of demand
Max share of parked cars
Share of cars connected
Efficiency of charge

Battery capacity

Capacity of grid to battery

Electricity charging is used
with the aim of decreasing
excess electricity
production and the
quantity of condensing
power in the overall
system.

Battery storage is used in order
to achieve lowest market prices
of the electricity consumed.
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V2G (Vehicle to grid).

Same as BEV smart plus
Efficiency of discharge
Capacity of battery to grid

Electricity charging and
discharging is used with
the aim of decreasing
excess electricity
production and the
quantity of condensing
power in the overall
system.

Battery storage is used in order
to achieve lowest market prices
of the electricity consumed and
to optimise profits from selling
and buying electricity.

Electrolysers and electricity storage systems

Component

Input

Technical regulation

Market-economic
regulation

Electrolysers for
hydrogen for transport

Capacity (electric)
Efficiency
Storage capacity

(Demand is defined by
hydrogen vehicles)

Hydrogen production is determined
by hydrogen demand for transport.

Hydrogen storage is used in order
to relocate electricity consumption
with the aim of decreasing excess
electricity production and the
quantity of condensing power in the
overall system.

Hydrogen production is
determined by hydrogen
demand for transport.

Hydrogen storage is used in
order to achieve lowest market
prices of the electricity
consumed by electrolysers.

Electrolysers for
hydrogen for micro
CHP

Capacity (electric)
Efficiency
Storage capacity

(Demand is defined by
hydrogen micro CHP)

Hydrogen production is determined
by hydrogen demand for micro CHP.

Hydrogen storage is used in order
to relocate electricity consumption
with the aim of decreasing excess
electricity production and the
quantity of condensing power in the
overall system.

Hydrogen production is
determined by hydrogen
demand for micro CHP.

Hydrogen storage is used in
order to achieve lowest market
prices of the electricity
consumed by electrolysers.

Battery storage
Hydro pump storage
Hydrogen FC storage

Capacity (charge)
Efficiency (charge)
Capacity (discharge)
Efficiency (discharge)
Variable operational
costs of both charge
and discharge

Charge in case of excess electricity
production

Discharge in case of condensing
power production.

Make sure that the storage content
is the same at the beginning and at
the end of the year.

The charging and discharging is
used in order to optimise the
profit of the plant based on
marginal costs and losses in
the energy conversion

CAES
(Compressed Air
Energy Storage)

Same as battery
storage plus
Fuel-ratio (defined as
fuel input / electric
output)

Load in case of excess electricity
production

Unload in case of condensing power
production.

Make sure that the storage content
is the same at the beginning and at
the end of the year.

Optimise the profit of the plant
based on marginal costs and
losses in the energy conversion
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Biomass Conversion Technologies

Component Input Technical regulation Market-economic
regulation
Biogas Plant Annual Biogas Electricity demand is added to the Same as technical regulation

production and hourly
distribution

Annual heat and
electricity demands
Annual inputs of wet
and solid biomass
Biogas-to-GasGrid
efficiency

system demand

Heat demands are added to
demand in relevant DH groups
Biogas is subtracted in Ngas
consumption resulting in changes in
import/export

Gasification Plant

Annual Biomass input
Relative biomass for
steam demand and
electricity demand
Relative heat output
Max Capacity
Syngas-to-GasGrid
efficiency

Electricity demand is added to the
system demand

Heat productions are subtracted
heat demand in relevant DH groups
Syngas is subtracted in Ngas
consumption resulting in changes in
import/export. Max Capacity is used
to minimise exchange of gas via gas
grid.

Same as technical regulation

BioDiesel Plant

Annual BioDiesel
output

Relative electricity
demand
DryBiomass-to-
BioDiesel efficiency
DryBiomass-to-Biomass

Electricity demand is added to the
system demand

BioDiesel is transferred to the
Transportation Tab Sheet (demand)
Biomass output is subtracted in
biomass fuel for power plants, etc.

Same as technical regulation

efficiency
BioPetrol Plant Annual BioPetrol Electricity demand is added to the Same as technical regulation
output system demand

Relative biomass for
steam demand and
electricity demand
Biomass-to-BioPetrol
efficiency
Biomass-to-Food
efficiency

Per unit value of food
by-product

Relative heat output

Heat productions are subtracted
heat demand in relevant DH group
BioPetrol is transferred to the
Transportation Tab Sheet (demand)
Food by-product is subtracted in
biomass fuel for power plants, etc.
Value of food by-product is included
in fuel cost calculation

BioJP Plant
(Jet Petrol)

Annual JP output
Relative biomass for
steam demand and
electricity demand
Biomass-to-BioJP
efficiency
Biomass-to-Food
efficiency

Per unit value of food
by-product

Relative heat output

Electricity demand is added to the
system demand

Heat productions are subtracted
heat demand in relevant DH group
BioJP is transferred to the
Transportation Tab Sheet (demand)
Food by-product is subtracted in
biomass fuel for power plants, etc.
Value of food by-product is included
in fuel cost calculation

Same as technical regulation
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Synthetic Gas and Liquid Fuel Production Plants

Component

Input

Technical regulation

Market-economic
regulation

CO, Hydrogenation

Annual Synthetic Grid
gas production

Hydrogen ratio and
electrolysers efficiency

Sequestration
efficiencies (Elec./CO,
and CO,/syngas)

Relative heat output

Max Capacity

The plant produces the specified
amount of synthetic gas in a way in
which it tries to minimise the critical
excess electricity production of the
whole system as well as the
production on power-alone plants.

If activating CEEP reduction strategy
8, the excess electricity produced is
used for the production of
additional synthetic gas when the
plant has available capacity

Same as technical regulation

Hydrogenation from
Gasification gas

Annual Synthetic Grid
gas production

Efficiency (From
gasification and

Hydrogen to Synthetic
gas)

Hydrogen share

Max Capacity

The plant produces the specified
amount of synthetic gas as base
load.

Hydrogen is being used to minimise
the excess electricity production of
the system given the limitations in
capacities of electrolysers and
hydrogen storage used as part of
the electrolysers for transport.

Same as technical regulation

Hydrogenation from
Biogas

Annual Synthetic Grid
gas production

Efficiency (From biogas
and Hydrogen to
Synthetic gas)

Hydrogen share

Max Capacity

The plant produces the specified
amount of synthetic gas as base
load.

Hydrogen is being used to minimise
the excess electricity production of
the system given the limitations in
capacities of electrolysers and
hydrogen storage used as part of
the electrolysers for transport.

Same as technical regulation

Chemical Synthesis

Annual production of
Synthetic diesel, petrol
and jet petrol

Efficiencies (from
synthetic grid gas to
liquid fuels)

Production of liquid fuels (synthetic
diesel, petrol and jet petrol) is
transferred to the transportation
tab sheet.

The demand for synthetic gas is
subtracted from the gas grid

Same as technical regulation
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2. Libraries and settings

The model is organised as an executable file and a data directory including three libraries: Data,
Distributions and Cost.

Mame Marne
ML energyPLAN_v11.exe ) Cost
. energyPlan Data . Data
. Distributions

The Data Library holds input data set and the Distribution Library contains hourly distribution files.
The Cost Library includes data sets of investment and fuel costs. The Cost data is part of the input
data set. However, the Cost data allow a quick shift or replacement of investment and fuel cost data
without changing the rest of the input. Whenever one chooses to save or load “input data”, all input
data including costs data will be handled. However, when one chooses to save or load “cost data”,
only investment and fuel cost data are included.

2.1. Input data set

The EnergyPLAN model always holds sufficient input data for doing a calculation. Moreover, the
model controls if new input data meet the standards. If not they will be rejected.

When the programme is started, the model automatically defines a set of input data, called
“Startdata”.

The input data set can be saved and stored in the Data Library. Stored data sets can be read into the
model. In the upper left corner, the model shows the name of the present data set (see below).

EnergyPLP.a 10.1: Startdata
File Edit Tool

FHERS

Frontpage | Input | Cost | Regulation | Output | Settings

c e

EnergyPLAN Energy System Analysis Tool

2.1.1. Open an input data set from the Library

To open an input data set from the Library, activate the open button Z|in the upper left corner.
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EnergyPLAN 10.1: startdata

Frontpage | lmput |~ Cost | Begulation | Output © Settings

EnergyPLAN Energy System Analysis Tool

The following tab sheet will open, in which one can choose between stored input data sets:

_ Denmark2030Alternative tet

_ Denmark2030Reference.txt | test?but

|| EbbeDK2020test tet || test3.bt

|| EbbeSPtest.bd || test100.bd

|| EbbeSPtest? bt || testl01.bd

| Georges_Ref_Edited bt || testl02.tet

| |IDA 2030 test2 bt | |testvZgbet

|IDA 2030 test3 bt || oo bt

_ IDA 2030 testd bt | aaatransH2-test.txt
| IDA energiaar.zap | Aalborg 2050 Plan A - 44%
| |IDAaNL bt

_ IndwTest.txt

i initalize.bd

| Macedenia+2007+CondensingCHP_Reference.tut

_ Macedonia+2020+CondensingCHP_Reference.tet

4

File name: Iini‘talize.txt

Files of type: I

2.1.2. Defining a new input data set and storing it in the Library

To define a new input data name and save present input data in the Library, activate the file button
in the upper left corner and choose “Save As”:
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( m:

Open... ét

it Tools Help

Preview
Frint...
Print Setup...

Exit

The following tab sheet will open, in which one can define the name of the data set, e.g., “Example”:

EnergyPLAN 10.1: Startdata

Fequlation | Output | Settings

@ FnergyPLAN

Energy System Analysis Tool

Hydro water

RES electricity

Hydro power

Organize « Mew folder R ®
Jr Favorites it MName Date modified Type *
|- Lokale energirnarkecer AI-Ub-2UL3 1eld File ol
T 1 Mijet 27-06-201316:12  File fol( ]
% Downloads |\ Morten 27-06-201316:12  File fol
*# Dropbex |1 MOSAIK 27-06-201316:12  File fole
+ OnlyAvailableOr ). Nicaragua 27-06-201316:12  File fole
& Private )\ Old 27-06-201316:13  File fok
=
El Recent Places ). Optimix 27-06-201316:13  File fole
- |, Tekno2025 27-06-201316:13  File fole
w3 Libraries ) Test 27-06-201316:13  Filefolc +
@ Documents ] N | D
File name: Exarmnple| -
Save as type: [ vl
I Save | [ Cancel l

~ Hide Folders

After storing the data set, the new name will appear in the upper left corner:
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EnergyPLAN 10. i Example.bct
File Edit Teols Help

& HERS

Frontpage | Input | Cost | Regulation | Output | Settings

EnergyPLAN  Energy System Analysis Tool

2.1.3. Saving the present input data set in the Library

To save the present input data set (replace present data under the same name), activate the E
button in the upper left corner.

EnergyPLAN 10.1: Example.bct

Cost | Regulation | Output = Settings

EnergyPLAN  Energy System Analysis Tool

2.1.4. Look at the present input data file
The input data sets are stored as text files. One can look at the text file of the present data set by

activating the button in the upper left corner.

EnergyPLAN 10.1: Example.bct

Cost | Regulation | Output | Settings

EnergyPLAN  Energy System Analysis Tool

2.2. Distribution
Typically, energy demands and renewable resources, etc., are defined in the model by an annual
value and a distribution name from the Distribution Library.

30



Distributions in the Library are stored as text files and consist of 8784 hour values presented on 8784
lines. New distributions have to meet this format.

For price distributions, the 8784 numbers are absolute. For demands, all values are relative and will
relate to the specified annual value. For renewable energy sources, distribution is relative to the
specified capacities.

Distributions are defined by their name, and such names are part of the input data set. When the
model is started, names are defined for all distributions. However, one can easily change from one
distribution to another in the Library.

2.2.1. Change distribution

The model shows the name of the present distribution; here illustrated by the electricity demand:

EnergyPLAN 10.1: Startdata

File Edit Toocls Help

FEERS
Frontpage = Input | Cost | Regulation | Output | Settings

ElecticityDemand | DistictHeating | RenewableEnergy | ElecStorage | Cooling | Individual | Industey | Transport | Waste | Bior

Electricity Demand and Fixed Impor/Export

Electricity demand: 20 Twhivar | Change distibution| Hour_electricity. tst

Electric heating IF included]  — u Twhdvear  Subtract electnc heahing uzing distibution fram individual’ window
Electic cooling [IF included]  — o Twhyear  Subbract electic cooling using distribution from ‘cooling window
Elec. for Biomass: Conversion Q.00 Twhevear  [Tranztered from Biomazs Converzion T abSheet)

Elec. for Tranzportation 0.00 Twhdvear  [Tranzfered from Transport TabSheet]

Sum [Demand excl. elec. heating| 2000 Twhivear

Change distribution

To change distribution, simply activate the button and the following tab sheet will

open:
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Organize «

i Favorites
Bl Desktop
4. Downloads

*# Dropbox

. OnlyAvailableOn
| Private

=] Recent Places

- Libraries
@ Documnents

J‘i Music

[ Pictures

Mew folder

-
MName
(=] AN _oDCV_Lid I'ISF.I‘U‘T L.LEL

| Hour_CoolingDemand.bd

| Hour_cshp_dhfordeling.be

|| Hour_cshpel.txt

| Hour_distr-heat.tet

| Hour_distr-heat-2.tet

|| Hour_distr-heat-2-50procent. b
| Hour_distr-heat-2-82procent.txt

Date modified

M- —EULE LGS T
05-07-2012 16:27
05-07-2012 16:27
05-07-2012 16:27
05-07-2012 16:27
05-07-2012 16:27
05-07-2012 16:27
05-07-2012 16:27

| | Hour_eldernand_eltra2001.txt

05-07-2012 16:27

|| Hour_electricity.tet
| Hour_eltra-indu-kov et

05-07-2012 16:27
05-07-2012 16:27

L mn

File name: Hour_eldemand_eltra2001.td

open | |

Here, one can choose a new distribution, which will then be shown in the input tab sheet:

EnergyPLAN 10.1: Example.bct

File Edit Tools Help

ZHERS

Frontpage | lnput | Cost

ElectricityDemand | DistictHeating | BenewableEnergy | ElecStarage | Coaling

Requlation = Output | Sethings

Indiadual - Industry | Transport © ‘Waste  Bion

Electricity Demand and Fixed Import/Export

Electricity demand: 20 T hy Change diStfibUtiUﬂ] Hour_eldemand_eltra2007 st

Electnc heating (IF included)  — U Twhivear  Subtract glecing hieanng Using dsnbubion from individual' windaw
Electic cooling [IF included]  — u Twhdvear  Subtract electic cooling using distribution from ‘cooling' window
Elec. for Biomazs Converzsion Q.00 Twhiyear [Tranzfered from Biomass Conversion TabSheet]

Elec. for Tranzportation

Sum [Demand excl. elec. heating) 20,00

Q.00 Twhiyear  [Tranzfered from Tranzport TabSheet)

Tw'hivear

2.2.2. Define new distributions

New distribution data can be added to the Library, simply by producing a text file with 8784
numbers. Distributions in the Library are stored as text files and consist of 8784 hourly values

presented on 8784 lines. New distributions have to meet this format.
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If the message shown below appears it is very often because one of the distribution files does not
meet the required format, i.e., typically it does not contain 8784 values but only 8760. Or it has too
many values.

energyplan r'5_<|

@ Arcess violation at address 004DFS67 in module ‘energyPLAM, exe', Read of address FFFFFFFC,

Or if one of the values contains letters instead of numbers, the following message will appear.

energyplan f'5_<|

@ '335,0hh" is nok a valid Floating point value,

One fast way of making a new distribution is to open an existing file in the Distribution Library by
using the pathfinder. Then, change the data and save under a new name. One can mark all data and
load the data into, e.g., Excel and change them. Or one can simply replace them with a new set of
data.

In the diagram below, the first part of a distribution file opened in Notesblok (notepad) is shown.

ﬁ hour_wind_eltra2001.txt - Notepad

File Edit Format View Help

0,178041029
0,198093037
0,219994221
0,245189252
0,294943658
0,358855822
0,460329385
0,567986131
0,67130887

0,712221901
0,779543485
0,805605316
0,75174805

0,707310026
0,650678995
0,588847154
0,516787056
0,489280555
0,478474429
0,466454782
0,431204854
0,407916787
0,378214389
0,358971396

0,311123953

l_
1
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In order to provide information of the source of specific data, one may add some lines in the
beginning of the distribution file. Such lines will have to start with the sign “/” as shown below. One
may add as many lines as one wish.

| hour_wind_eltra200:

File Edit Format Wiew Help

Jwind production
0,178041029
0,198093037
0,219994221
0,2451809252
0,294943658
0,358855822
0,4603209385
0,567986131
0,87130887
0,712221901
0,779543485
0,805605316
0,75174805

34



2.2.3. Existing data in the Library

The model Library already includes a long list of distribution data, among others: Typical Danish
electricity demand (year 2000), typical Danish district heating demand, distribution of photovoltaic
and solar thermal power, distribution of industrial CHP, different wind years: 1996, 2000 and 2001,
and distribution of Nord Pool prices between the different years from 2000 to 2006. Four of the

hourly distribution data sets are illustrated in the diagram below.

Electricity demand Electricity demand: January week
150 150
125 125
. 100 4 . 100
c (=
[ o
© 75+ H © 75
8 5
50 H & 504
25 1 H 25
0 T T T T T T T T T T T 0 T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 1 25 49 73 97 121 145
Month Hours
District heating demand District heating demand: January week
250 250
200 200
£ 150 ] £ 150 1
o o
& 100 4 & 100 {
1 2 3 4 5 6 7 8 9 10 11 12 1 25 49 73 97 121 145
Month Hours
Wind power production Wind power production: January week
450 450
400 400 /
350 350 L\
_ 300 . 300
€ €
g 250 § 250 1
o 200 E 200 4
& 150 150 1
100 1 100
0 T T T T T T T T T T T 0 T T T T T T
1 2 3 4 5 6 7 8 9 10 1 12 1 25 49 73 97 121 145
Month Hours
Solar thermal Solar thermal: January week
450 450
400 400
350 350
_ 300 _ 300 "1\
§ 250 § 250
I3 — o , l
5 200 B 200 [l
& 150 150 1 \ ' l
100 H 100 4 [ I
g | I I 1 lmt S 1
1 2 3 4 5 6 7 8 9 10 11 12 1 25 49 73 97 121 145
Month Hours
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Diagram 3: Four examples of internal model data sets: Electricity demand, district heating demand,
wind power production (one out of three possible), and solar heating thermal. To the left, the annual
distribution on months is shown, and to the right, an example of one week of January is presented.

2.3. Cost database

To save or load Cost Data, one has to go to the Cost Additional tab sheet and activate one of the two
buttons “Save Cost Data” or “Load New Cost Data”.

EnergyPLAN 10.1: Startdata =
File Edit Tools Help

FHERS

Frontpage | Input | Output | Settings | Regulation | Cost

Fuel = Operation | Investment | Additional

Specification of Various Additonal Investment Costs

Prod. type Investment Period O.and M. Total Inv. Costs Annual Costs (MDKKfyear)
Unit MDKK pr. Unit  “ears 3 of Inw, DK Investment  Fiked Opr. and M.
‘waste CHP 0,00 Tw/h/pear il 0 il 1] 0 1]
Abzorp. HP [w/aste] 0 bi'w/-th il 0 il o 0 1]
Biogas Plant 0,00 Twh/vear ] 0 ] 1] 0 1]
G asification Plant 0 M 0 0 0 1] 0 1]
BioDiesel Plant 0 MW-bic il ] il 0 ] o
BioPetrol Plant 0 MWw-bic il 0 il ] ] o
BicJPPlant 0 ki -bio i} il i} 1} 0 1)
Tidal Power 0 Mw il ] il ] ] o
CSP Solar Power 0 M/ il ] il ] ] o
CO2Hydrogenation 0 M/ il 0 il 1] 0 1]
Syrithetic Gas Plant 0 M/ il 0 il 1] 0 1]
Chemical Sythesis 0 M/ ] 0 ] 1] 0 1]
Desalination Plant 01000 m3 fresh we g il i} 1} 0 1)
Water storage 0 Mm3 il 0 il ] ] o

Description of additional investment

i i i 0 0
0 i 0 0 0
i i i 0 0
i i i 0 0
i i i 0 0
0 i 0 0 0
i i i 0 0
I i I 0 0
i i i 0 0

il 0 0 1]

Save Cost Dats Load Mew Cost Data

When activating one of these buttons, the following tab sheet will show and one can either read
new data or load present data in the same way as for input data.
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Organize « Mew folder =+ O @
" r—— * Mame Date medified Type
B Desktop = 2020DEACosts (2).bdt 04-09-2012 02:03 Text Docy
4 Downloads | 2020DEACosts.bet 04-09-2012 09:03 Text Doc
3# Dropbox = | IDA2030_cost2009 bt 05-07-2012 16:25 Text Doc
. OnlyAvailableOn
.. Private
“Zl Recent Places
7 Libraries
@ Documents
JP Music
| Pictures ~ m
File name:

2.4. Settings

EnergyPLAN 10.1: Startdata
File Edit Tools Help

EHERS |

Frontpage | Input | Cost | Regulation | Output | Settings

‘ Change U nit ‘ Capacity Unit : M
‘ Change Unit ‘ Monetary Unit: DEK

Define Monetary Unit -

Energy Urit Thwhiyear ‘water Storage Urit: +m3

Desalingtion Unit: 1000 ma3 fresh waterhour
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In the settings tab sheet, one can define the energy units and monetary units.
The unit is changed by activating one of the buttons “Change Unit”.

Note: No input or output numbers will be changed by activating the button. Only the writing of units
in the tab sheets and on the printed pages is changed.

The energy/capacity units can be changed by selecting between the following combinations:
- kW and GWh/year
- MW and TWh/year
- GW and PWh/year

If the preferred monetary unit cannot be found on the list, one can define a new by writing it as an
input, here illustrated for SEK:

EnergyPLAN 10.1: Startdata

File Edit Tools Help

ZHER &

Frontpage = Input | Output | Setings | Regulation | Cost

Change Urit Capacity Unit :  hitwf Energy Unit:  Twh/year

Change Unit Maonetary Unit : SEEK

Define Monetary Urit . |SEK]
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3. Energy System Definition (Inputs)

EnergyPLAN 10.1: Startdata
File Edit Tools Help
ZHERS

Frontpage | Input | Cost | Regulation | Output | Setings

1
|
o

EnergyPLAN Energy System Analysis Tool Version 10.1 - b January 2013
( ) i B — ) [ Electricity
Hydro water |——> |IHyro Storage Hydro power Desalination storage ImpomEiq:Pﬂ
plant plant fixed and variable
' system
[RES electricity N
| ‘ Y A r ¥ Electricity
. i \ l demand
Fuel e \ - r .
. CHP Heat Cooling Cooling
Oy . ) ¥ . il a_"'d device demand
Geothermal Absorption egiflt:rc ; g
and solar heat ; % heat pump l )
- Boiler G — - R N
i . o demand
L 5 ( ?
= h—
storage ‘ Elec‘trolyser]—/ e

storage

's = i ™ £ S «

= Biomass i |
[ o, }—’\# Hydrogenation M- Vehicles ok Transport
\ ). demand

b S e A 2

Fuel
EIRCEririly —
Heat —_—

- =

Process
Industry heat ;
deman

Hydragen

SLEAm  e—
o, —
Transport  ————p-
Water —
Cooling  =————j-

\

Gas Import/
storage Export gas

As shown in the diagram, the EnergyPLAN model consists of the following overall structure
components: Front page, Input, Cost, Regulation, Output and Settings.

Inputs defined by the user are presented in three sections: Input, Cost, and Regulation. In the
following, each individual input tab sheet of these three sections is described, including a description
of input definitions and initial calculations. Initial calculations are done simultaneously with the
changing of inputs.

As shown in the diagram on the following page, the input data of the model are divided into 11 sets
of data: Electricity Demand, District Heating, Renewable Energy, Electricity Storage, Cooling,
Individual, Industry, Transport, Waste, Biomass Conversion and Synthetic Fuel.

Any energy system analysis - technical as well as market-economic - requires data in the “input”
section. In a technical system analysis, the model does not require other inputs. But in the case of
market-economic regulation or if a feasibility study is conducted, further inputs are required in the
“cost” section.

39



By doing exercises and following the guidelines to the EnergyPLAN model, one can learn step by step
how to define relevant input data. Both exercises and guidelines can be found on
www.EnergyPLAN.eu.

40


http://www.energyplan.eu/

3.1. Electricity Demand

EnergyPLAN 10.1: Startdata

File Edit Tools Help

FHERS

Frontpage = Input | Cost | Regulation | Output | Settings

ElectricityDemand | DistrictHeating | RenewableEnergy | ElecStorage  Cooling | Indiidual | Industy | Transport | “Waste | Biomass Conversion | Synthetic Fuel | Desalination

Electricity Demand and Fixed Import/Export

Electricity demand: 20 Twihipear | Change distibution Hour_electricity bt
Electic heating [IF included]  — o T'Whipear  Subbiact electic heating using distribution from individual’ window Import/
Electric caoling (IF included)  — o Twhdpear  Subbract electric cooling wsing distibution from 'cooling' window ﬁi:‘dma:d
Elec. for Biomass Conversion 0.00 T'whipear  [Transfered from Biomass Conversion TabSheet] variable
Elec. for Transportation 0.00 Twhipear [Transfered from Tranzport TabSheet]
b1
Sum (Demand excl. elec. heating) 2000  Twhivear ' | demand ]
Electic heating (individual] 0.00 Twhipear
Electic cooling [coolingl] 0.00 Twhipear
Flevible demand 1 day] a Twhivear Mawsffect 1000 b
Flevible demand (1 week) d Twhigear Maweffect 1000 M
Flexible demand [4 weeks| o TwWhipear  Max-effect 1000
Fixed Import/E xpart o Twhipear | Change distiibution| Howr_Tysklandsesport st
Total electricity demand 2000 Twhipear

Inputs

De = Annual electricity demand

Dey = Annual electricity demand for cooling (defined in the input tab sheet “Cooling”)
Dec = Annual electricity demand for heating (defined in the input tab sheet “Individual”)
Dex = Annual electricity demand of fixed exchange (Fixed import/export)

Dexpay = Annual electricity demand flexible within 1 day

Dexweek = Annual electricity demand flexible within 1 week

Dexaweek = Annual electricity demand flexible within 4 weeks

Cexpay = Max capacity of 1-day flexible demand

Crxweek = Max capacity of 1-week flexible demand

Crxaweek = Max capacity of 4-week flexible demand

The electricity demand is defined by an annual value, D¢ (TWh per year) and the name of an hourly
distribution data set. And one can also specify a fixed import/export, Dgx. Furthermore, one can
define various kinds of flexible electricity demands, Dexpay, Dexweek @aNd Dexaweek in combination with
maximum capacity values. Electricity demands for electric heating and cooling (specified in the

“cooling” and the “individual” tab sheets) are shown, and help functions make is possible to subtract
such demands from the electricity demand.
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3.1.1. Input tab sheet calculation of electricity demand

If the electricity demand contains an electric heating or cooling demand, such demand (Dgy and Dg()
can be defined and will be subtracted from the electricity demand hour by hour:

de’ = deg — den - dec
if de’ <0 thend¢’ =0
DE’ =2 dE'

If such electric heating or cooling demands are specified, the new electricity demand, D¢’ ,will be
used subsequently as input to the energy system analysis.
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3.2. District Heating

EnergyPLAN 10.1: Startdata

File Edit Tools Help
zEdEFR_RS
Frontpage = Input | Cost | Regulation | Output | Settings
ElectricityDemand | DistrictHeating | RenewableEnergy | ElecStorage  Cooling | Individual | Industy | Transport | “Waste | Biomass Conversion | Synthetic Fuel | Desalination
H . - . = In camman far all three district heating groups :
CHP, Heat Pumps and Boilers at District Heating Systems:
Distribution of demand Change | Hour_distr-heat st
Group | : District heating gr. | is meant to represent DH systa.ms without CHP . . Distribution of solar themal Change | Hour_solar_prod tat
Demand: 0 Twhuear Production Storage  Losz *) Share**]  Result
. . Y Twhivear Gwh Percent Twhiyear Sum of district heating demand : 20,00 Twhiyear
DIl CHEE R : Solar thermal : d 0 d 1 oo Sum of solar thermal : 0.00 Twhivear
Group |l District heating ar. Il is meant ta represent DH systems based on small CHF plants 1
—_ N (=
Demand: (10 Twhipear  Solar thermal i 0 i 1 oo [ Fuel I |/ CHP e;:ft::w ‘
Capacities Efficiencies = - - \ Eatsy
Mwi-e Mdis elec. Therm.  COP Heat storage gr. 2 BD| ‘| " Heat
12600 n4 05 10 i | dernand
CHP o Gwh
Heat Pump a O 3 Fixed Boiler share (" Solar
thermal stora
Biailer 5000 03 0 Per cent
Eler_tro | Tz, ]
Ivser Y.
Group Il : District heating gr. 11l is meant to represent DH spstems baged on large CHP extraction plants
.o . a 1] ] 1
Brgmand): Teiivlyeer Bl liamms: ouw Distribution of fuel ~ Coal oil Mgas Biomass
Capacities Efficiencies
Mw-e Mdiz elec. Therm. COP Heat storage gr. 3 [TWhdyear) Variable Variable Variable Variable
P 1500 1875 n4 5] 10 Gwh DHP 0 0 i i
Heat Pump 100 S 3 Fixed Boiler share CHF2 0 a d d
Bioiles 5000 - i Per cent CHF3 0 i i i
Condensing 4000 0.45 Buoiler2 0 0 0 0
PP2 il 0.45 Buoiler 0 0 u u
CHP extraction plants are modelled as & combination of CHP back pressure and condensing plants PP a a d d
*] Lioss in percent of storage content PPz il il 1] 1]
**] Share of district heating demand with solar thermal
Annual accumulated heat in solar thermal storage; 0,00 Twhpear
Input

District heating demands

Hphi = Heat demand in district heating group 1
Hphz = Heat demand in district heating group 2
Hpns = Heat demand in district heating group 3

Energy production units

Ccnpz = CHP capacity (MWe) in district heating group 2

Cyp2 = Heat pump capacity (MWe) in district heating group 2
Tgo = Boiler capacity (MJ/s) in district heating group 2

Cchps = CHP capacity (MWe) in district heating group 3

Cyp3 = Heat pump capacity (MWe) in district heating group 3
Tgs = Boiler capacity (MJ/s) in district heating group 3

Cpp = Power Plant capacity (MWe)

Cppy = Power Plant capacity 2 (MWe)

ps1 = Thermal efficiency, Boiler in district heating group 1
Ucrp2 = Electric efficiency, CHP in district heating group 2
Pchp2 = Thermal efficiency, CHP in district heating group 2
ps2 = Thermal efficiency, Boiler in district heating group 2
dup2 = COP, heat pump in district heating group 2

43



Ucrps = Electric efficiency, CHP in district heating group 3
Pchps = Thermal efficiency, CHP in district heating group 3
ps3 = Thermal efficiency, Boiler in district heating group 3
Onp3 = COP, heat pump in district heating group 3

Uep = Electric efficiency, Power Plant

Uep2 = Electric efficiency, Power Plant 2

Heat storage

Sph2 = Capacity, Heat storage in district heating group 2 (GWh)

Spnz = Capacity, Heat storage in district heating group 3 (GWh)

Shssolar1 = Capacity, Heat storage for solar thermal in district heating group 1 (GWh)

Shssolarz = Capacity, Heat storage for solar thermal in district heating group 2 (GWh)

Shssolars = Capacity, Heat storage for solar thermal in district heating group 3 (GWh)

LOSShssolarts ---LOSShssolars = Losses in Heat storage for solar thermal in district heating groups 1, 2 and 3.

Solar thermal
Qsolart, ----Qsolars = Annual heat production from solar thermal in district heating groups 1, 2 and 3.
SHAREsar1, -... SHARES, a3 = Share of district heating with solar thermal in groups 1, 2 and 3.

The annual district heating consumption must be stated for each of the three DH groups. The annual
solar thermal production is also defined for each group and includes heat storage capacity and
losses. The share of solar is a figure between 0 and 1 defining the share of district heating demand
with solar thermal production. For both district heating and solar thermal production, a common
hourly distribution for all three groups is specified.

Capacities and operation efficiencies of CHP units, power stations, boilers and heat pumps are
defined as part of the input data. The size of heat storage capacities is also given here.

Cpp is the total sum of power plant capacity and CHP capacity in group 3. In the absence of district
heating demand in group 3, the CHP capacity can be turned into purely condensing power plant
capacity. Often CHP plants in city areas form part of extraction plants.

3.2.1. Input tab sheet calculation of solar thermal in district heating systems

The solar thermal input can not always be utilised. It depends on the hourly distributions of the heat
demand, the solar thermal production, the heat storage and the losses. The share of the solar
thermal production, which can be utilised, Q'so1ar, is calculated simultaneously in the input tab sheet
for each of the three district heating groups. If the solar production at one hour exceeds the demand,
the excess production is stored (if possible). And when the solar production is lower than the
demand, the model seeks to empty the storage. The sequence is repeated to identify a solution in
which the content of the storage in the beginning of the year equals the content by the end of the
year:

a’pn = Aon * SHAREs
If Osolar < 0'pH then ’solar = dsolar + Min[StorageContent, (q'pn — Asolar)]
If Asolar > 0’pH then q’solar = Q'pH + (Skssolar - StorageContent)

StorageContent := StorageContent + gsear — 9'pH

44




If StorageContent > Syssoiar then StorageContent = Syssolar
StorageContent:=StorageContent- StorageContent * LOSSyssolar1 /100;
Q'Solar =X q,solar

Q'solar is shown in the input tab sheet for each of the three groups, and q’sq .- is applied subsequently
to the energy system analysis.
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3.3. Renewable Energy Sources (RES)

EnergyPLAN 10.1: Startdata
File Edit Tools Help

FHERS
Frontpage = Input | Cost | Regulation | Output | Settings

ElectricityDemand = DistrictHeating | FenewableEnergy | ElecStorage  Cooling | Indiidual | Industry | Transport | “Waste | Biomass Conversion | Synthetic Fuel | Desalination

Electricity production from Renewable Energy and Nuclear :

Estimated Estimated
Renewable Capacity:  Stabilisation Distribution profile Production Conection  Paost

Energy Source R share TwWhiyear factar CU”ECUP”

production
Change | wind 1000 a Change | How_wind 164 207 a 207
Changs | Photo Voltsic 500 : Change | Hourwind T 1.04 L 1.04
Change | “Wave Power 0 0 Change | Howr_solar_prodl  0.00 0 0.00
Change | River Hpdio 0 0 Change | How_solar_prodl  0.00 0 0.00

Hydro Power : (”_

\

Capacity a e Annual Water supply a TWhépear -
—_— o =
Efficiency 0.3 Distribution of water Change | Hour_wind_1.kst | kiycro }—r L 4—>| Hydro PP |
| water ) storage N i
Storage 0 Gwh Estimated anuual production:  0.00 T'Whipear h L
Pump Capacity d Mg Storage difference: 0 Gwh RES |
- 09 electricity
Fump Efficiency b —_—
Geothermal | +
power J 43
Geathermal Power K ] /}
Capacity: a Mw-e Distribution: Change | Hour_wind_1.txt
Efficiency i Annual production: 000 Twhvear  Comection Factor: 1
Nuclear Power:
Capacity: 0 Mw-e Digtribution: Change | Hour_wind_1.txt
Efficiency a Annual production: 000 Twhfvear  Comection Factor: 1
Input

Renewable Energy Sources

Crest, ----Cresa = Annual electricity production from Renewable Energy Resources
Stabgesi, ....Stabresa = Share of RES capacity with grid stabilisation capabilities
FACges1, -...FACress = Correction factor of RES production

Hydro power

Chydro = Capacity of Electricity Generator in MW

Uhydro = Efficiency defined as the conversion from energy in the storage into electricity production.
Shydro = Capacity of the storage in GWh

Whyaro = Annual water supply to the storage in TWh/year

Chiydro-pump = Capacity of the Hydro Power Pump in MW

OlHydro-pump = Efficiency of Pump defined as the conversion from electricity to energy in the storage
Shydro-pump = Capacity of the lower water storage in GWh

Nuclear or Geothermal
Cnuclear = Capacity of the Nuclear Power Electricity Generator in MW
Unuctear = Efficiency of the Nuclear Power station.
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The input data set defines input from RES and nuclear power. One can choose inputs from up to four
different renewable energy sources. By pressing the button, the following specification can be
attached to each RES:

- Wind

- Offshore Wind

- Photo Voltaic

- Wave Power

- River Hydro

Input to the electricity production is identified by the capacity of each RES and by the name of the
distribution file. In the case that the RES contributes to grid stabilisation, a share between 0 and 1
can be given.

Furthermore, one can specify hydro power input including reversal hydro power and geothermal as
well as nuclear power.

3.3.1. Input tab sheet calculation of RES electricity production

The electricity production input from intermittent renewable energy sources such as, e.g., wind
power is found by multiplying the capacity by the specified hourly distribution. The Data Library
comprises different distributions typically found from historical data.

The resulting annual production based on the specified input capacity and distribution is shown on
the input page. However, different future wind turbine configurations would lead to either lower or
higher productions in the same wind years. Therefore, one can choose to specify a correction factor
to change the distribution and increase the annual production. The factor changes the production in
such a way that the productions remain the same at hours with either no production or full
production, while the other values are moderated relatively:

€Res = ERes ¥ 1 / [1—FACges * (1 - eRes)]
The same procedure is used for the possible modification of any of the renewable sources.
In the following diagrams, it is illustrated how the factor modifies the input. The examples are based
on wind power and photovoltaic distributions in the area of western Denmark year 2001. When
defining a capacity of 1000 MW wind power, the annual production becomes 1.96 TWh/year, and

when defining 1000 MW photovoltaic power, the annual production becomes 1.00 TWh/year, as
shown in rows 1 and 3 in the input tab sheet below.
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EnergyPLAN 10.1: Startdata

File Edit Tools Help

& HE RS
Frontpage = Input | Cost | Regulation | Output | Settings

ElectricityDemand = DistrictHeating | RenewableEnergy | ElecStorage | Cooling | Individual | Industry - Transport | WWaste | Biomass Coma

Electricity production from Renewable Energy and Nuclear :

Estimated Estimated
Renewable Capacity:  Stabilization  Distribution profile Froduction  Corection  Post )

Energy Source b share Twhiyear factor ':':'”EC“P”

production
Change | wind (008 0 Change | Hour_wind Tt 207 0 207
Change | PhotoValtaic 200 0 Change | Hou_wind 1t 1.04 0 1.04
Change | “Wave Power o o Change | Hour_solar_prodl  0.00 o 0.00
Change | River Hudro u u Change | Hour_solar_prodi  0.00 u .00

If adding a correction factor of, e.g., 0.8, the hourly production is modified as illustrated in the two
following diagrams. The 0 values and the maximum values of 1000 MW are kept, while all values in
between those are raised in accordance with the formula described above.

As a result, annual productions are raised to 4.10 TWh/year for wind power and 2.02 TWh/year for
photovoltaic power. It should be mentioned that the factor 0.8 is very high especially for
photovoltaic power. However, such a high factor is suitable for the illustration of the modification
principle.

Wind Power in Jutland 2001

1000
a

600 VAN A ANy
e T A VAR AVATIN A LYY

200 /U\//V\\ ﬂ/\ ,\vv/\/\/\ W/ \\/\// \V/\/ V
0 NS A RS/

MW

6893 6943 6993 7043 7093 7143 7193 7243

hours

‘ ——Factor 0 —— Factor 0.8
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Photo Voltaic in Jutland 2001
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3.3.2. Input tab sheet calculation of hydro power

The hydro power plant is identified by an hourly distribution of the annual water input (Wyaro), a
water storage capacity (Swydro) and the capacity (Cryaro) and efficiency (pnyaro) of the generator.

Based on such input, the potential output is calculated simultaneously by the procedure described in
the following.

First, the average hydro electricity production (euydro-ave) is calculated as the output of the average
water supply (Annual water supply divided by 8784 hours/year):

€Hydro-ave = HHydro * WHydro / 8784

Then the program calculates the hourly modelling of the system, including the fluctuations in the
storage content. Furthermore, the hydro power production (enydr) is modified in accordance with
the generator capacity, the distribution of the water supply, and the storage capacity in the following
way:

Hydro storage content = Hydro storage content + Wygro
€Hydro = MAX [eHydro—Ave , (Hydro storage content - SHydro)* HHydro]
€Hydro <= CHydro
Due to differences in the storage content at the beginning and at the end of the calculation period,
errors may appear in the calculations. To correct these, the above calculation seeks to identify a
solution in which the storage content at the end is the same as at the beginning. Initially, the storage
content is defined as 50% of the storage capacity. After the first calculation, a new initial content is

defined as the resulting content at the end of the former calculation.

The annual potential production of the hydro power plant is calculated and shown in the input tab
sheet.
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3.3.3. Input tab sheet calculation of nuclear power and geothermal power.

One can choose to include nuclear power and/or geothermal power in the input. Both types of
power production are calculated the same way, here described for the nuclear power plants.

Nuclear power units are determined by the following inputs:

Cnuclear = Capacity of the nuclear power electricity generator in MW

Unuctear = Efficiency of the nuclear power station.

dnuclear = Distribution of the electricity production between 8784 hour values

The nuclear power station is subject to the condition that it will always be involved in the task of
maintaining grid stability.

The nuclear unit is considered to be running as base load, and therefore, the power plant does not
take part in the active regulation. The electricity production of the nuclear unit (enyciear) is simply
defined by the capacity and the hourly distribution:

enuclear = Chuctear * Auctear / Max(dnyclear)

The efficiency is used only for the calculation of the annual amount of fuel (fyucLear), Which is
calculated by applying the following formula:

fNucIear = ©Nuclear / MNuclear

The fuel consumption is named “Uranium” and is measured in TWh/year in order to be able to
compare it to the consumption of the rest of the units. In the case of geothermal, the fuel is named
“Geothermal”.
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3.4. ElecStorage

File Edit Tools Help
FHERS
Frontpage | Input | Cost | Regulation | Output = Settings

ElectricityDiernand - DistrictHeating | RenewableEnergy | ElecStorage | Cocling | Individual | Industry | Transport | “Waste | Biomass Corversion | Synthetic Fusl | Desalination
Electrolysers and electricity storage systems
Electrolysers Capacities Efficiencies Hydrogen Storage

M- (A fuel DHagZ DHg3
CHFP and Boailers in Group 2 1] 1] 0.a 01 0 Gw'h
CHP and Bailers in Group 3 0 i 0.6 0.1 0 Gwh Electro-
Haz storage lyser

Transport and Syntetic Fuel 1] 0.s i} ] 0 Gw'h L. )
Micia CHP 1] 0.8 1] Gw'h

Electiicity Storage * Fuel ratio = fuel input / electric output [for CAES technologies or similar]

Capacities Efficiencies Fuel Fatio *) Storage Capacity Electricity
Pump/Compressor 0 03 0 storage
i 0 09 0 B Ratem
Turbine :
-~
Allow for simulkaneous operation of turbine and pump: Mo
¥ .
Advanced CAES
Input
Electrolysers

Cric = Capacity of Electrolysers in district heating group 2

Cric3 = Capacity of Electrolysers in district heating group 3

Cgicr = Capacity of Electrolysers for Transport

Ceiem = Capacity of Electrolysers for Micro CHP

agie2 = Fuel efficiency of Electrolysers in district heating group 2

a3 = Fuel efficiency of Electrolysers in district heating group 3

agcr = Fuel efficiency of Electrolysers for Transport

agem = Fuel efficiency of Electrolysers for Micro CHP

Peicz = Thermal efficiency of Electrolysers in district heating group 2
peics = Thermal efficiency of Electrolysers in district heating group 3
Seic2 = Capacity of Electrolysers Fuel Storage in district heating group 2
Seics = Capacity of Electrolysers Fuel Storage in district heating group 3
Seier = Capacity of Electrolysers Fuel Storage, Transport

Seiem = Capacity of Electrolysers Fuel Storage, Micro CHP

Electricity Storage

Cprump = Capacity of Pump in electricity storage

Crubine = Capacity of Turbine in electricity storage

Scaes = Capacity of Storage, electricity storage system

Opump = Efficiency of Pump in electricity storage (from electricity to storage input)
Wrurbine = Efficiency of Turbine in electricity storage (from storage output to electricity)
Ocaes = Fuel ratio for CAES systems (fuel input / electric output)
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In the storage input tab sheet, one can specify electrolyser and electricity storage systems. In the
model, the two first electrolysers are located in either district heating group 2 or group 3 along with
the CHP units, heat pumps and boilers. The two next electrolysers are used for hydrogen production
for transport or micro CHP. The electrolysers transform electricity into fuel and heat if located in
connection to district heating. The electrolysers are defined by capacity, fuel efficiency and thermal
efficiency. Moreover, fuel storage is defined by capacity.

The electricity storage can represent, e.g., hydro pump storage, a battery or an FC/electrolyser
hydrogen storage and is represented by the following inputs:

e Pump (converting electricity to potential energy) defined by capacity and efficiency

e Turbine (converting potential energy to electricity) defined by capacity and efficiency

e Storage (storing energy) defined by capacity.

The model can also add fuel when the turbine is activated, thereby facilitating the modelling of
technologies such as CAES (Compressed Air Energy Storage). In such case, the following input has to
be defined:

e CAES fuel ratio defined as CAES fuel consumption / electric output.

Advanced CAES

In the lower left corner, there is a button called “advanced CAES”. By activating this button, a
number of business optimisation strategies may be included which involve the operation of
electricity storage technologies, such as, e.g., CAES on various markets. For further description please
consult Chapter 10.

| Fuel ratio = fuel input / electric output [for CAES technalogies or similar]

Electricity Storage

Capacities Efficiencies Fuel Ratio *| Storage Capacity Electricity
Pump/Compressar 0 0.8 0 storage
X 0 0.9 0 Gwh system
Turbine -
:
Allow for simultaneous operation of turbine and pump: MNa
4
Advanced CAES Calculate Strategu B Optimal strateay
Compreszor variable operation costs [SEKAdwh] 1] . . 200
Compressor takes [SEK/Rdwh) 1] bilmes s it (A8 )
Turbine variable operation cost [SEK.Mwh] 0 Income electricity [MSEK] 0.00
Matiral Gaz price [SEKMwh]: 100 Cest ey (X . QI
Cost compressor operation [MSEK] 0,00 Nondctive
tarket average price [SEK/Mwh]: 227 Cost compressor Taxes 0.00
Cost turbine aperation [MSEK] 0.00 Turbine Market volumen Limits: Change distribution| const kst
Cost natural gas [MSEK) 0.00
00:00:00 oK Walue of storage diff MSEK] 0,00 Compressor Market volumen Limits: | Change distribution) const bt
Leliiconzl BEER] Ll Allows for simultaneous operation of turbine and purnp: Yes
Max storage [Giwh] 0.00
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3.5. Cooling

EnergyPLAN 10.1: Startdata
File Edit Tools Help

FHERS

Frontpage | Input | Dutput | Settings | Regulation | Cost

ElectricityDemand = DistrictHeating | RenewableEnergy | ElecStorage | Cooling | Indiidual | Industry | Transport | “Waste | Biomass Conversion | Synthetic Fuel | Desalination

Cooling systems: Electric aircanditioning and District heating for cooling

Distribution of cooling demand : | Change | Hour_CoolingD emand.txt Distribution of natural cooling production : | Change | Hour_distr-heat. st

Twhdpear Electricity Heat Cop Natural Codling Cooling
Consumption  Consumption Input Olutput Demand
: .o 2 - )

Electricity for cooling : 0.00 Cooling Cooling ‘
District heating for cooling DH ar. 1 0.00 UE a 0.00 a device demand
District heating for cooling DH gr. 2 0.00 0e 0 0.00 0 T
District heating for cooling DH gr. 3 0.00 06 0 0.00 0

0.00 0.00 0.00 0.00

Cooling Demand Cooling Supply

u u u T u u T u
1,000 2000 3000 4000 5000 6000 7,000 8000

T T T T T T T T
1,000 2000 3000 4000 5000 6000 7,000 8000

B Matursl Cooling Heat DH gr B Heat DH gr2
CHort B DHor2 DH ar3 Elec. i Hesat OH gr3 Electricity

Input

Dcool = Annual electricity demand for cooling

dcooteiec = COP of electric cooling.

Ccooits --Ceoois = Annual demand for cooling in DH groups 1, 2 and 3.

Chatural1s ---Cnaturaiz = Annual contribution from natural cooling in DH groups 1, 2 and 3.
Dcoorr... Pcoors = COP of absorption units in DH groups 1,2 and 3.

Cooling demands are defined by annual electricity consumption (air-conditioning etc.) and/or by
annual cooling consumption (absorption technology). In the latter case, cooling consumption is
divided into the 3 district heating groups and requires additional inputs in terms of a COP for the
absorption units to be able to calculate the corresponding heat demands. One common hourly

distribution is used for all cooling demands.

The electricity demand for cooling is added hour by hour to the other electricity demands. Please,
note that a help function in the Input Electricity Demand tab sheet makes it possible to subtract

electricity for cooling and heating from the fixed electricity demand.
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The heat demands for cooling are added hour by hour to the district heating demands. In principle,
this represents a scenario in which the heat can be supplied either by connecting the individual units
to the existing district heating systems or by investing in a district cooling grid connected to the
district heating production units. Input can also be defined in terms of a COP of the electricity
cooling. Such a co-efficient is used in the input tab sheet only to calculate a “Cooling” demand. This
function is meant to provide assistance in case one demand is replaced by another; e.g., an air-
conditioning electricity demand with a COP of 3 is replaced by a district heating absorption cooling
with a COP of 0.6.

Further inputs are contributions from “natural cooling”, i.e., cooling from rivers or sea waters. The
input is given in an annual value for each of the three DH groups and a common hourly distribution.
In such case, an initial calculation will identify and subtract the potential contribution from natural
cooling and calculate the resulting heat demand (hc¢o) in the following way:

If ChNaturall 2 Ccooll then Cnatural1l += Ccool1 else Cnaturall -= Cnatural1

hCooll = (CCooIl - CNaturall) / (I)Cooll
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3.6. Individual

EnergyPLAN 10.1: Startdata O X

File Edit Tools Help
FHERS
Frontpage = Input | Cost | Regulation | Output | Settings

ElectricityDemand = DistrictHeating | RenewableEnergy | ElecStorage | Cooling | Individual | Industry | Transport | “Waste | Biomass Conversion | Synthetic Fuel | Desalination

o ™y

o o o 5 oo Ao —_— —
Heat supply and distributed generation from individual buildings B
Distribution of heat demand : | Change | Hour_distrheat bt Distribution of solar thermal : Change | Hour_solar_prod.tat | S -] | s H(d::::d)
E stimated S g
Twhdpear Fuel Congsumption  Efficiency  Heat Efficiency Capacity Electricity  Heat Solar Thermal ( A (@ “Heat
Input Output Thermal Demand  Electric Limit =] Production Storage *] Share =] Input  Output |-\ . I, L e ,l_"l demand ]
Fodboler o - g 2 o 1 0 0o | Biomass ] |/ Boiler \|—> u::::n)
(0l bailer : ] 000 pg 000 ] 1 ] oo B e et e
Moas boiler : 0 000 pg 0.00 0 1 0 000 | mseo::a‘ ]
Biomass boiler 0 oo g7 000 0 1 0 000
H2 micro CHP 000 ps 1] 03 1 0.00 1] 1 0 0.00
Mgas micro CHP : 000 gs i} 03 1 0.00 i} 1 0 0.00
Biomass micra CHP : 0ol ps 0 03 1 0.00 0 1 0 0.00 —
(o |
Heat Purnp : i] 3 1 0.00 1] 1 0 0.00
Electric heating 1] 0.00 1] 1 0 0.00
Total : 0.00 0.00 0.00 0.on - —
( sowr 1
il S | thermal |
*] The capacity of the heat storage is given in days of average heat demand LB"’M"“/! |\‘ et ; - )
1 The capcity limit of the CHF and HP iz given in share (between 0 and 1] of mawimum heat demand 2 %
***| Share of heat consumers with solar thermal | Bailer u:::f—a)
Mot active | *When active the Heat Pump heat storage is only used for space heating and not hot water [defined by min distr. valug] e
—
(=1
[' ity ]—y\ EL',:.‘J',( [N et ]
oS )
e ' Salar
| Electeiclty I :J‘;;' mcrmﬂ |
Electric H [ e
b baikr 2 dm:-d |

Input

Individual boilers, CHP, heat pumps and electric heating

Fum-coaly Fm-oily Fm-ngas: Fm-bio = Annual fuel demands for individual boilers

PM-coals PM-0il» PM-Ngas» Pm-bio = Thermal efficiencies of individual boilers

Hwm-nacke, Hw-ngascrps Huesioch = Annual heat demands of micro CHP on H2, natural gas and biomass.
Hn-HacHp, Hm-NgascHp, Hm-siochp = Efficiencies (electric) of micro CHP on H2, natural gas and biomass.
Pm-H2cHP, PM-Ngaschp, Pu-siochp = Efficiencies (thermal) of micro CHP on H2, natural gas and biomass.
Hum-np, Hwen = Annual heat demand of heat pumps and electric heating in individual houses

Or.4p = COP of heat pumps in individual houses

LIMITw-nacrp, LIMITyngaschps LIMITygioche, LIMIT, e = Capacity Limit of CHP and HP (between 0 and 1)

Solar thermal and heat storage

Qsolar-M-coals -+--Qsolar-m-bio = Annual heat production from solar thermal in individual boiler systems.
Qsolar-m-H2cHps - Qsolar-m-biochp = Annual heat production from solar thermal in individual CHP systems.
Qsolar-m-Hps Qsolar-m-en = Annual heat production from solar thermal in individual HP and EH systems.
SHAREso/ar-M-coals ---- SHAREo1ar-m-en = Share of individual houses with solar thermal in various systems.
Shssolar-M-coal » - SHssolar-M-en = Capacity, Heat storage for solar thermal in various systems
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Inputs to individual houses are basically defined as fuel inputs, since such figures are normally basic
data in statistics. When defining the efficiencies of boilers, heat demands are calculated. Electric
heating is defined as electricity consumption. The same hourly distributions are used for all heat
demands.

To include CHP and heat pumps, one must define heat demands and efficiencies. Moreover, one may
define capacity limits in the CHP and heat pump units in terms of shares of the maximum heat
demand (figures between 0 and 1). If such limits are defined, the peak heat demands will be met by
boilers using the same efficiencies as defined for the boiler-only systems. In the case of H2, the
efficiency of the natural gas boiler is used; and in the case of heat pumps, electric heating is used.

Moreover, one can add solar thermal power to all the systems by defining the annual solar
production and the share of heat demand based on solar thermal power. For all solar thermal
productions, the same hourly distributions are used.

The following are calculated on a simultaneous basis in the input tab sheet:

3.6.1. Input tab sheet calculation of heat demands in individual houses

The resulting heat demands in the individual houses serve as input to the micro CHP and heat pump
systems. For the boiler-only systems, the heat demands are calculated simply as the fuel input
multiplied by the boiler efficiencies:

H=F/p

3.6.2. Input tab sheet calculation of solar thermal production in individual
houses

Solar production is, in principle, calculated in the same way as solar thermal production in district
heating. If the solar production at one hour exceeds the demand, the excess production is stored if
possible, and if not, the excess production is perceived as waste. When the solar production is lower
than the demand the model seeks to empty the storage. The same calculation methodology is used
as in section 3.2.1

3.6.3. Input tab sheet calculation of boilers, CHP and heat pumps in
individual houses

The heat demand for solar production is supplied by boilers, micro CHPs and heat pumps. The

production in the boilers-only systems is simply calculated as the difference between the demand
and the solar production (including the use of the heat storage):

- ’
Awm-oil = hm-oil = A’ solar-m-0il

For the micro CHP and the heat pump, the production cannot exceed the limitations on capacity, if
any.

—_ ’
Om-NgasCHP = hM—NgasCHP — q solar-M-NgasCHP

If Am-ngascrp > Max(hM—NgasCHP) * LIMITy-ngascp then qum-ngascre = Max(hM—NgasCHP) * LIMIT-ngascrp

56



The heat demand remaining after coverage by solar (including the use of storage), CHP and heat
pumps is met by boilers and, in the case of heat pumps, by electric heating:

—_ ’

Om-H2cHP-Boiler = N-HacHP = Qsolar-M-H2CHP = OM-H2CHP
- 7’

OM-NgasCHP-Boiler = hM—NgasCHP = O solar-M-NgasCHP = OM-NgasCHP

- ’

AMm-BioCHP-Boiler = Nwm-giocHP = O Solar-M-BioCHP = OIM-BioCHP
= h ’

Am-HP-EH = NM-HP = O solar-M-HP = Am-HP

The fuel demands for all boiler systems are calculated and shown in the input tab sheet (Here shown
for the oil boiler):

fumoil = Awm-oil / Pwm-oil

The fuel demands for the three CHP systems (here shown for the Ngas system) are calculated
individually for the CHP unit and the peak load boiler, respectively.

fM—NgasCHP = qM—NgasCHP / pM—NgasCHP
fM-NgasCHP—BoiIer = gM-NgasCHP-Boiler / PM-Ngas
The total fuel demand, Fy.ngascrp-total, is found by adding the two demands:
fM—NgasCHP—TotaI = fM—NgasCHP—BoiIer + fM—NgasCHP
The electricity production from CHP is calculated as follows:
eM-NgasCHP = fM-NgasCHP * HM-NgascHP
The total electricity consumption from heat pumps, D,.yp.1otal, is calculated as follows:
dm-Hp-gH = OM-Hp-EH
dve = Amene / Ouve
dm-np-total = Amevpen + duwp
The electricity demand for electric heating is calculated like this:
Dm-en = dm-en

The resulting total fuel consumption and electricity production (and consumption) are shown in the
input tab sheet for all systems. So is the resulting solar production.
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3.6.4. Input tab sheet calculation of Electrolysers for micro H2 CHP systems

If a heat demand is specified for the micro H2 CHP system, then the minimum electrolyser capacity
required to provide the necessary hydrogen is calculated. The electrolysers must be added to the
system in the Input Storage tab sheet. If hydrogen storage is specified in the Input Storage tab sheet,
then such storage capacity is taken into account. The minimum electrolyser capacity, Ceicmin, iS
calculated in the following way:

First, the hydrogen production of the electrolyser, fgy, is defined as the average hydrogen
consumption of the micro CHP system, fyiuachp-average :

feiem = fM—HZCHP—Average = FM—HZCHP/ 8784

Then for each hour (x), the hydrogen storage content is calculated, sgcw(x), as the content of the
previous hour plus the average production minus the actual consumption of the hour.

Seiem(X) = Sgiem(x-1) + fM—HZCHP—Average - fmenache ()
If, at one hour, the storage content exceeds the capacity, the production is decreased:

If Seem > Seem then  feom =feom - (Seiem - Seiew)
And if the storage content goes below zero, the production is increased:

If saem < O then feovw = feem - Seiem

Due to differences in the storage content at the beginning and at the end of the calculation period,
errors may appear in the calculation. To correct these errors, the above calculation seeks to identify
a solution in which the storage content at the end is the same as at the beginning. Initially, the
storage content is defined as 50% of the storage capacity. After the first calculation, a new initial

content is defined as the resulting content at the end of this calculation.

Finally, the minimum electrolyser capacity, Cgcmin, is identified as the maximum production needed
divided by the fuel efficiency:

Ceiemin = Hourmax( feem ) / Oeiem
The corresponding electricity demand, dg v, can also be calculated:

deiem = ferem / Qleiem

The electricity demand, dg v, forms the basis for the further calculation in section 5.7.1, in which the
electrolysers are used for decreasing excess and power-only production in the system.

3.6.4.1. Disclosing heat storage for hot water in micro heat pumps

In the lower left corner, there is a button to active a special regulation strategy only for micro heat
pumps. If the button is activated the model will not use the heat storage for hot water but only for
space heating.
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Achive “When active the Heat Pump heat storage iz only used for space heating and nat hot water [defined by min distr. walue)
1
033

M ax. lnading when storage i empty coresponding to max. unloading when storage iz full [given in share of max. heat demand)

M ax. loading when storage is full comesponding to max. unloading when storage is empty [given in share of max. heat demand)

The idea is to be able to calculate heat storage options such as heat capacities built into the material
of the buildings. If this button is activated the model will separate the heat demand for hot water
from the heat demand for space heating. The heat demand for hot water is simply defined as the
minimum value of the hourly distribution of the heat demand. Additionally, one can define
limitations on the loading and un-loading of the storage as a function of the load of the storage.
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4.7 Industry

EnergyPLAN 10.1: Startdata —alm] 4
File Edit Tools Help

SHERS
Frontpage | Input | Cost | Regulation | Output | Settings

ElectizityDemand | DistictHeating | FenewablsEnergy | ElecStorage | Cooling | Individual | Industry | Transport | %aste | Biomass Conversion | Synthetic Fuel | Desalination

Industry: Fuel consumption and Heat and power production

Twhipear Coal ail Mgas Biomass
Industry 0 B L 4 B - - T
( Y Process
: 1} 1} 1} 1}
Warious Fuel I ‘ Industry }—b[ heat ‘
J

) \_ J demand
Industrial CHP [CSHP]. Change distribution | Hour_cshpel tat
Twhipear DH prod Electrcity prod
DHGe1: 0 0
DHGr2: 0 4
DHGr3: 0 4
Tatal 0.00 0.00
Mgas distribution of Industry and V' ariaus: Change distributian | caonst tt
Input

Fi-coals Frois Fi-ngass Fibio = Annual fuel demands for Industry

Fv-coal Fv-oily Fv-ngass Fv-bio = Annual fuel demands for Various

Qy, .... Q3 = Annual excess heat production from industry to district heating groups 1, 2 and 3.
Ecshpy, --- Ecsupz = Annual excess electricity production from industrial CHP (CSHP)

Inputs to Industry are basically defined as fuel inputs, since such figures are normally basic data in
statistics. Moreover, electricity and excess heat productions from industrial CHP or similar are
defined and fed into one of the three district heating groups.

Heat production for district heating groups is given priority along with solar thermal and heat
production from waste as explained in section 4.5 (for group 1) and in sections 5.2.1 and 6.4 (for
groups 2 and 3).

Electricity production can be specified for each of the three district heating groups. However, they
are all fed into the grid and given priority along with renewable energy resources such as wind
power. Other units such as CHP and power plants will adjust their production accordingly if possible
(given the specified regulation strategy), and if this can not be done, excess electricity production will
be exported.

The distribution of natural gas is used only in the calculation of the gas grid hourly balance (See
Chapter 8.7).
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3.7. Industry

EnergyPLAN 10.1: Startdata ol i3
File Edit Tools Help

zdEFLS
Frontpage | Input | Cost | Regulation | Output | Settings

ElectricityDemand = DistrictHeating | RenewablsEnergy | ElecStorage | Cooling | Individual | Industry | Transport | Waste | Biomass Conversion | Senthetic Fuel | Desalination

Industry: Fuel consumption and Heat and power production

Twhdyear Coal ail Ngas Biomass
Industry 0 0 0 0 —_ - ~ Ty
f ) Process
; 0 0 0 0
Warious Fuel i ‘ Industry ’—b[ heat ‘
\ _ demand

) ) demand
Industiial CHP [CSHF) Change distribution | Hour_cshpel bt
TWhdvear DH prod Electreity prod
DHGT: 0 L
DHGrz 0 L
DHGr3 1 L
Total 0.00 0.00
Mgaz distribution of Industiy and % arious: Change distribution | const bt
Input

Fi-coals Froi Fi-ngass Fibio = Annual fuel demands for Industry

Fv-coaly Fv-oity Fy-ngass Fv-bio = Annual fuel demands for Various

Qy4, .... Q3 = Annual excess heat production from industry to district heating groups 1, 2 and 3.
Ecsupi, ---- Ecsips = Annual excess electricity production from industrial CHP (CSHP)

Inputs to Industry are basically defined as fuel inputs, since such figures are normally basic data in
statistics. Moreover, electricity and excess heat productions from industrial CHP or similar are
defined and fed into one of the three district heating groups.

Heat production for district heating groups is given priority along with solar thermal and heat
production from waste as explained in section 5.5 (for group 1) and in sections 6.2.1 and 7.4 (for
groups 2 and 3).

Electricity production can be specified for each of the three district heating groups. However, they
are all fed into the grid and given priority along with renewable energy resources such as wind
power. Other units such as CHP and power plants will adjust their production accordingly if possible
(given the specified regulation strategy), and if this can not be done, excess electricity production will
be exported.

The distribution of natural gas is used only in the calculation of the gas grid hourly balance (See
Chapter 8.7)
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3.8. Transport

EnergyPLAN 10.1: Startdata
File Edit Tools Help

FHERS

Frontpage = Input | Cost | Regulation | Output | Settings

ElecticityDemand = DistrictHeating | FenewableEnergy | ElecStorage | Cooling | Individual | Industry | Trangport | “waste | Biomass Conversion | Synthetic Fuel | Desalination

LPG
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0 0.00
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-,y i Electsic N [ Transparl
Change Hour_transport. bt _ wvehicle demandJ
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grid demand
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7] Distribution is used to define gas demand when calculating gas import/export | Change | constbst
*] Defined in Biomass Corwersion TabShest

== Digfined in Syntetic Gas TabSheet
== Defined in Waste TabSheet

Input

Fuel demands
Fr.ifs Fr-piesels Fr-petrolr Fr-ngas: Fr-tpe = Annual fuel demand for transport
Frransport-2 = Annual hydrogen fuel demand for transport

Electricity demands
Dgev = Electricity demand of Battery Electric Vehicles in TWh/year
Dv»g = Electricity demand of “V2G cars” and or “BEV smart charge” in TWh/year

V2Gpmax-share = The maximum share of cars which are driving during peak demand hour.

Ccharger = The capacity of the grid to battery connection in MW
V2Gconnection-share = The share of parked V2G cars connected to the grid.
Ucharger = The efficiency of the grid to battery connection (charger).
Svac-Battery = The capacity of the battery storage in GWh

Cinv = The capacity of the battery to grid connection in MW

Linv = The efficiency of the battery to grid connection (inverter).

The transport input tab sheet is designed to describe potential changes in the transport sector.
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The fuel inputs at the top comprise fuel for cars and other transport units divided into jet petrol,
diesel, petrol, natural gas, and LPG. For all these types of fuels, biofuels and synthetic fuels (if any)
will be transferred from the Waste, BiomassConversion and SyntheticFuel tab sheets and added to
the sum.

Vehicles on hydrogen require an additional input in terms of an hourly distribution which will be used
to specify the demand for hydrogen administered in the ElecStorage tab sheet.

The distribution of natural gas is used only in the calculation of the gas grid hourly balance (See
Chapter 8.7)

A series of inputs describes battery electric vehicles (BEV). Basically, they are divided into dump cars
and smart cars. In the case of dump cars, the input defines an electricity demand for transport shown
as an annual demand and a distribution curve. In the case of smart cars, the electricity demand forms
part of the regulations and one has to specify a number of relevant input data. One can activate a
help function by pressing the button in the upper right corner of the tab sheet, as illustrated below.
By specifying the efficiency of the individual types of cars in terms of km/kWh, one can follow the
total numbers of km per year during the process of changing the system, e.g., by reducing the
number of traditional cars and adding new technologies on biomass and/or electric vehicles.

Tl’anSpO I"t Help to design inputs
Twhiyear Fozsil Biofual =] Waste *=] SpntheticFuel =] Taotal krnfkMwfh Billion km/year
JF {Jet Fuel] 0 0.0 0.00 0,00
Disel 0 oy b 0.00 0,00 15 i
Patral ] 0,00 0.00 0,00 15 D
Ngas ") (Grid Gas) 7 0,00 1.3 o
LFG o 0.00 15 D
H2 [Produced by Electrolysers] o Change | Houwr_transport.tat 3 0
Electicity [Dump Charge) o Change | Hour_transport. tet 3 0
Electricity [Smart Charge] o Change | Houwr_transport.tat g u
tdax. share of cars during peak demand: 0.z °
Capacity of grid ta battem connection: 0 bt
S el Share of parked cars grid connected: 07
Efficiency [arid to battery) 0.3
Battery storage capacity 0 GEWh

3.8.1. Input tab sheet calculation of electrolysers for transport

If a fuel demand is specified for hydrogen transport, then the minimum electrolyser capacity
required to provide the necessary hydrogen is calculated. The electrolysers must be added to the
system in the Input Storage tab sheet. The calculation is the same as for micro hydrogen systems, as
shown in section 3.6.4.
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3.9. Waste

EnergyPLAN 10.1: Startdata
File Edit Tools Help
FHERS
Fromtpage | Input | Cost | Regulstion | Output | Setiings

ElectricityDemand | DistrictHeating | RenewableErnergy | ElecStarage | Codling | Individual | Industy | Transport | ‘Waste | Biomass Corwersion | Syrthetic Fuel | Desalination

Waste: Heat, electricity and bicfuel from energy conversion of waste

Waste iz defined geograhical on the three district heating groups. Only one hour distribution can be defined and storage of waste is not considered an option

Heat production is utlised and given priority in the respective district heating groups. Electricity production iz fed inta the grid.

Biofuel production for tranzportation is transfered to the tranzportation window.  And biofuels for CHP and boliers is substracted from the fugls in the respective district heating group.
"arious" represent non energy products such as food. The economic value is substrated from the cost of the waste energy recource.

Distribution of Waste: Change distribution | const.tst
“waste input DH praduction Elechicity production  Biofuel transportation  Biofuel CHP-Bailer “arious [Food etc.] Strategy CHP-Boiler
Twhdyear Efficiency Twhipear Efficiency Twhiyear Efficiency Twhivear Efficiency Twhipear Efficiency TwWhivear MDKK/T'wh fuel substitution
DHEe: D ne 0.0o 0 0.00 il 0.oo il 0.0o 0 0.00 1 0.00
DHGz D 08 0.00 0 0.00 i} 0.00 i} 0.00 o 0.00 1 0.00
oHEa O 08 000 o 000 o 000 o 000 o 0.00 1 0.00 1.Coal/2 Biomass
Tatal 0.00 0.00 0.00 0.00 0.00 0.00 000 MDKK

Geothermal operated by absorption heat pump on steam from waste CHP plants

DH praduction Elechicity production  Steam for Heat Purp  Heat Pump [CHP) Steam storage Heat Pump on steam from starage
Efficiency Twhipear Efficiency Twhiyear Efficiency Twh/year COP Ml is Giwh Loss (%] COP
DH G2 il 0.00 ] 0.00 il 0.00 il 1] il 0 1]
DH G i} 0.00 0 0.00 i} 0.00 i} 1} i} i} i}
GTL: Gasification Ta Liquid transpartation fuels [Waste, coal and Biomass to BioPetrol and CHP): ~ =
Fuel input Output todule 1 Module 2 Waste ‘ CHP
Twhipear Twhipear Efficiency Twhipear Efficiency TWh/year |

. A /
W aste: 0 BioPetral: 06 Ll 02 0.00 j_
0 01 ool gg 0.00

o A 000 0o Geothermal Absorption |

Biomass: | HestGr 3 02 : 03 . heat heat purmp

Tatal 0.00 0.00 0.00 : '
Input

Fw1, Fw2, Fws = Annual input of waste fuels divided into the three district heating groups

Pw1, Pwa2, Pws = Efficiencies (thermal) of waste conversion

w1, w2, Uws = Efficiencies (electric) of waste conversion

Ywi, Vw2, Wws = Efficiencies (waste to biofuel for transport) of waste conversion

Nwi, Nwa, Nws = Efficiencies (waste to biofuel for CHP and boilers) of waste conversion

Tw1, Twa, Tws = Efficiencies (waste to various non-energy products) of waste conversion

Pw1, Pwa, Pws = Prices of various non-energy products (MDKK/TWh)

Pwa-ceo, Pwa-geo = Efficiencies (thermal) of waste conversion when also producing steam for geothermal HP
Mwa2-ceo, Mwa-geo = Efficiencies (electric) of waste conversion when also producing steam for geothermal HP
Gwa-geo, Owa-geo = Efficiencies (steam) of waste conversion (Used geothermal HP)

Deo-steams Peeo-steam = COP of geothermal HPs when provided with steam directly from Waste CHP

DGEo-steamstorager PGEO-steamstorage = COP of geothermal HPs when provided with steam from steam storage
Scro2, Seeoz = Steam Storage Capacities (GWh)

LOSS¢eo2, LOSSgeos = Energy Losses from Steam Storage in per cent/hour (GWh)

Waste is considered as biomass energy, which can not be stored but has to be burned regularly.
Waste is divided geographically into three district heating groups, and only one hourly distribution

can be defined.
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Waste can be converted into the following:

- heat production, which is given priority in the three district heating groups

- electricity production, which is being fed into the grid

- biofuels (fluid) for transport,, which are transferred to the Input Transport tab sheet

- biofuels (solid) for CHP and boilers, which are subtracted from the fuels in the respective DH
groups

- Various (non-energy) products, which are given an economic value.

(In the case that one wants to include the conversion of waste to syngas, one can include the waste

as biomass in the Biomass Conversion Tab Sheet).

The following input must to be given to the model:

- The waste resources divided geographically between the three district heating systems
mentioned above.

- Efficiencies specifying the quantity of the waste input resources converted into the following four
energy forms: Heat for district heating, electricity, fuel for transport and fuel for CHP and boilers.

- An hourly distribution of the waste input (heat and electricity output)

Moreover, one can specify an additional non-energy output (such as animal food), which will then be

given an economic value in the feasibility study.

Basically, the model assumes that waste can not be stored and has to be converted in accordance
with the specified hourly input. Consequently, the energy outputs are treated in the following way:

Heat production for district heating is given priority along with solar thermal and industrial waste
heat production. If such input can not be utilised because of limitations on demand and heat storage
capacity, the heat is simply wasted.

Electricity production is fed into the grid and given priority along with renewable energy resources
such as wind power. Other units such as CHP and power plants will adjust their production
accordingly, if possible (given the specified regulation strategy), and if not,, excess electricity
production will be exported.

Fuel for transport is calculated and the used fuel will subtract the petrol accordingly and, at the same
time, adjust to differences in car efficiencies, if any.

Fuel for CHP and boilers is automatically subtracted in the calculation of fuel in the relevant district
heating groups.

Geothermal energy for District Heating in combination with Waste CHP

One can specify a geothermal heat production operated by the use of an absorption heat pump
fuelled by steam from the waste CHP plants in District Heating groups 2 and 3. The option is defined
by the following input data:

- alternative electric, thermal and steam efficiencies of the Waste CHP plant

- A COP of the absorption heat pump defined as the heat output divided by the steam input

The waste CHP plant will still burn all the waste input in accordance with the specified hourly input.

However, the CHP plant can now be operated linearly between the two operation modes, with or
without steam production and with high or low electricity and thermal outputs.
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Moreover, one can specify the option of steam storage by defining a capacity and an energy loss if
any.

In regulation strategies 1 and 4, the system is operated in the following way: If the thermal output
from the Waste CHP exceeds the district heating demand and if it is possible to store steam, the CHP
will decrease electricity and heat production and increase steam production accordingly, as the
steam is stored. If the heat demand exceeds the thermal output from Waste CHP (and industrial
waste heat and solar heating), the geothermal production will cover as much as possible only limited
by the capacity of the absorption heat pump and the heat demand. First, the absorption heat pump
will use steam from the storage and, subsequently, steam from the Waste CHP obtained by
decreasing electricity and heat productions.

In regulation strategies 2 and 3, additionally to the above regulation, the Waste CHP will decrease
electricity production in the case of excess electricity productions in the system, if the steam storage
is available.

3.9.1. Calculation of waste fuel outputs

The biofuel outputs are calculated in the following way and the fuel for transport is transferred to
the Transport tab sheet:
Frwaste = FW1 * yys + FW2 * yy, + FW3 * yy3
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3.10. Biomass Conversion

EnergyPLAN 10.1: Startdata — (=]

File Edit Tools Help
FHERS
Frontpage = Input | Cost | Regulation | Output | Settings

ElectricityDemand = DistrictHeating | RenewableEnergy | ElecStorage | Cooling | Indiidual | Industy | Transport | “Waste | Biomass Conversion | Synthetic Fuel | Desalination

Biomass conversion plants Gas Grid Gas Sterags [0 Gwh
Biogas Flant Biogas Biogas production iz used az Primary Energy Consumption
Input T'wWh/year Output Tw'h/year tethanation Upgrade to giid  Input to Gas Grid
Dy et Electricity DH gr1 DHar. 2 DH g3 Biogas Biogas demand Efficiency Twh/year
Biomass Biomass il il il il 0 0.00 1 0.00
1] 1]

Change distribution| copst bt Change distibution| zanst bt Change distibution| zonst bt

Gasification Plant Gas Output Capacity

Biomass Electricity ~ Steam Steam Caoldgas Awverage  Max Cap DH ar.3 Output Twhdpear  Hpdiogenation Upgrade to grid Input to Gas Grid
Twhivear  Share | Share *| Efficiency *) Efficiency M’ -Gas  Mw-Gas Shaie ¥ DH a3 Syngas Syngas demand Efficiency Twhivear
0 0.o1 013 1.25 09 1] ] 01 0.0 0.00 0.00 1 0.00

*] Share in relation ta biomass input

Change distribution const tet
**] Defined as steam output divided by biomass input [subtracted in biomass input]

BioDiesel Plant [BinDiezel reduce Diezel in Transport Tabsheet and Biomass reduce Biomaszs in PP, CHF and Boilers] / \
Biomass Gas Impart/

Diry Biomase Electricity BioDiesel  Biomasz Output Twh/year corversion sterage Export gas
Twhivear  Share | Share *] Share 7] BioDiesel Biomass - -

0.00 0 09 0 G 0.00 Change distriibution| copst bt
BioPetrol Plant  [BioPetral reduce Petral in Transport Tabsheet and Fond bi-product reduce Biomass in PP, CHP and Boilers and/or Binmass input] Change distribution| const bt
Biomass Electricity  Steam Steam BioPetral Food bi-product DH ar.3 Output T'whyear Food value
TwWhépear  Share | Share ¥| Efficiency ) Efficiency  Efficiency  DEEAMWh Share ¥ DHar3  BioPetrol Food MOKE

noo o 012 1.25 04 05 400 [l 000 o 0.00 i

BioJF (Jet Petrol) Flant P jeduce JF in Transport Tabsheet and Food bi-product reduce Biomass in PP, CHP and Bollers and/or Biomass input) Change distibution| const. t

Biomass Electricity  Steam Steam BinlP Food bi-product DH ar.3 Output Twh/year Food walue
Twhipear  Share | Share *| Efficiency **) Efficiency  Efficiency  DEE/bwh Share % DHar3 BioP  Food MDKE.
000 00 012 1.25 0.4 0.5 400 01 000 o 0.00 0

*] Share in relation to biomass input
| Defined as steam output divided by biomass input (subtracted in biomass input]

Input

Dsiogas = Annual electricity demand for biogas plant (TWh/year)

Hgiogasbh1, ---Heiogasons = Annual district heating demand for biogas in groups 1, 2 and 3 (TWh/year).
Feiogas = Annual biogas production (TWh/year)

Fiogas-wetBiomass = Annual input of wet biomass to biogas production (TWh/year)

Feiogas-DryBiomass = Annual input of solid biomass to biogas production (TWh/year)

Kaiogas = BiOgas to grid gas quality efficiency

Feasi-siomass = Annual input of biomass to gasification production (TWh/year)
SHAREp.gasi = Annual input of electricity to gasification plant in share of biomass input
SHAREsTeam-casi = Annual input of steam to gasification plant in share of biomass input
Acas = Production of steam efficiency (Steam output divided by biomass input)

Yeasi = Cold gas efficiency (Gas output divided by biomass input)

Csasi-vax = Capacity of the gasification plant (MW)

SHAREpH3.gasi = Annual output of heat to DH gr3 in share of biomass input

Ksyngas = Syngas to grid gas quality efficiency

Chgas-storage,= Capacity of gas storage connected to the gas grid (GWh)

Faiopiesel = Annual bio diesel production (TWh/year)
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SHAREp_giopiesel = ANnual input of electricity to bio diesel plant in share of dry biomass input
Wiopiesel = Biomass-to-biodiesel efficiency (diesel output divided by biomass input)
TNgiodiesel = Dry biomass-to-biomass efficiency (biomass output divided by dry biomass input)

Faiopetrol = Annual bio petrol production (TWh/year)

SHAREp_giopetrol = Annual input of electricity to bio petrol plant in share of biomass input
SHAREsTeam-giopetrol = Annual input of steam to bio petrol plant in share of biomass input
Agiopetrol = Production of steam efficiency (steam output divided by biomass input)
Waiopetrol = Biomass-to-bio petrol efficiency (petrol output divided by biomass input)
Taiopetrol = Biomass-to-food efficiency (petrol output divided by biomass input)

Prood = Price of food (E.g. DKK/MWh)

SHARE pha_giopetrol = Annual output of heat to DH gr3 in share of biomass input

Fgiosp = Annual bio jet jetrol production (TWh/year)

SHAREp_gio;r = Annual input of electricity to bio jet petrol plant in share of biomass input
SHAREsteam-sio)p = Annual input of steam to bio jet petrol plant in share of biomass input
Agiose = Production of steam efficiency (steam output divided by biomass input)

Wgiop = Biomass-to-bio jet petrol efficiency (petrol output divided by biomass input)
Teiosp = Biomass-to-food efficiency (jet petrol output divided by biomass input)

Peooq = Price of food (E.g. DKK/MWh)

SHAREpussiop = Annual output of heat to DH gr3 in share of biomass input

The Biomass Conversion input tab sheet is divided into Biogas, Gasification, Bio Diesel and Bio Petrol
plants. Moreover, one can specify the capacity of gas storage for the gas grid (e.g., natural gas).

For all four biomass conversion plants, the annual electricity demand is either specified or given in
terms of the share of the biomass input and is calculated as e.g.:

- *
DBioPetroI = I:BioPe‘croI—Biomass SHARED—BioPetroI

The hourly electricity demand is calculated using the specified hourly distribution and is added hour
by hour to the electricity demand specified in the Electricity Demand tab sheet.

- *
dBioPetroI = DBioPetroI 8BioPetroI /2 8BioPetroI

For the Biogas plant, the heat demand for each of the three district heating groups is calculated:

- *
hBiogasDHS - HBiogasDHS 6Biogas-DH3 /2 6Biogas-DH:’,

Similar to the gasification and the bio petrol plants, the district heating production is calculated hour
by hour and added to the CSHP and solar production. Bio petrol and gasification plants are assumed
to be located only in connection to district heating group 3:

— *
QBioPetroI—DH3 = I:BioPetroI—Biomass SHAREDH}BioPetroI

- *
OBioPetrol-DH3 = O~BioPetroI-DH3 6BioPetroI-DH:’, /Z 6BioPetroI-DH3

(Note: The district heating output is calculated as a share of the total biomass input and not the
biomass input subtracted the biomass used for steam production, as in the case of the calculation of
bio petrol and syngas described below).
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Biogas

The biogas supplied to the grid is found through an upgrade to grid efficiency after the subtraction of
biogas used for hydromethanation (See section 3.11):

= *
FBiogas»to-NgasGrid - (FBiogas - FBiogas-for»HydroMethanation) KBic:)gas,

If electricity and/or heat are needed in the upgrading process, such demands will have to be included
in the specified electricity and heat demands.

Biomass conversion plants

Biogas Flant Biogas Bingas production iz used az Primary Energy Consumption

The Wet and Solid biomass input represents, e.g., manure (Wet) and biofuel crops such as, e.g., grass
or corn (Dry). In many biomass resource estimates, biogas is measured in the potential biogas
production. However, it may also be relevant to distinguish between wet and solid biomass input.
Consequently, one has the option to choose whether to include either the one or the other in the
resulting primary energy balance. Such choice is made by activating the button at the top.

In the calculation, upgraded biogas is subtracted from the natural gas consumption. However, if one
wants to use the biogas directly without upgrading it, one may simply set the biogas-to-Ngas
efficiency to 1.

Gasification Plant

The biomass input represents resources such as woodchips or straw and the price is defined in the
fuel cost input tab sheet (see later). Gasification needs an input of steam in the production process.
Such steam may be produced efficiently in combination with steam for CHP production at large
power stations or it may be produced in separate boilers. Consequently, one can specify the steam
efficiency. If one assumes that the production is integrated with large CHP plants, such efficiency may
be set to, e.g., 1.25 representing the additional fuel input to the CHP plant. If one assumes that the
production comes from separate boilers, the efficiency should be set to, e.g., 0.9 representing the
boiler efficiency.

The fuel used for steam production is consequently calculated as follows:

FGasi-steam = (FGasi-Biomass * SHARESTEAM»Gasi) / 7\'GASI

When calculating the syngas output, the fuel used for steam production is subtracted from the
biomass input:

- *
I:Syngas - (FGasi-Biomass - FGasi—steam) YGasi

The syngas supplied to the grid is found through an upgrade to grid efficiency after the subtraction of
gasification gas used for hydrogenation (See section 3.11):

- *
FSyngas—to-NgasGrid - ( FSyngas_ Fgasigas—for-Hydrogenation) KSyngas

Similar to the biogas plant, if electricity and/or heat are needed in the upgrading process, such
demands will have to be included in the specified electricity and heat demands.
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Based on the annual production of syngas, the average output is calculated representing the
minimum capacity of the plant. However, one can specify a higher capacity input. If no capacity is
specified or if the capacity is lower than the calculated minimum capacity, the model disregards the
input and assumes investment in the minimum capacity. However, if a higher capacity is specified,
the model uses such flexibility to minimise the import/export of gas upgraded to natural gas quality.

Bio Diesel Plant

The biomass for bio diesel is simply calculated as follows

FBioDieseI-DryBiomass = FBioDieseI / WBioDieseI

The model also includes a biomass fuel share resulting from the bio diesel production, which is
calculated in a similar way to the bio diesel output:

Faipy: . = Fu ) * Naoni
BioDiesel-Biomass BioPetrol-DryBiomass MNBioDiesel

The biomass fuel output is subtracted from the biomass fuel used for power stations, etc., when
calculating the resulting primary energy balance.

Bio Petrol Plant

With regard to electricity and steam and district heating output, the calculations are the same as
described for the gasification plant above. In a similar way, the biomass fuel for steam production is
added when calculating the consumption of biomass:

FBioPetroI-Biomass = FBioPetroI / Waiopetrol + FBioPetroI-steam

The model also includes a food bi-product of the bio petrol production, which is calculated in a
similar way to the bio petrol output:

— *
Fgiopetrol-Food = (FBioPetroI-Biomass - FBioPetroI—steam) TBioPetrol

The food bi-product is subtracted from the biomass fuel input in the calculation of the resulting
primary energy balance. With regard to cost, the total biomass input to bio petrol production is
included in the fuel cost, which is based on the price for biomass specified in the fuel cost tab sheet
(see later). The model calculates the value of the food bi-product in the following way:

Agiopetrol-Food = Faiopetrol-Food * Prood
The value of the food bi-product is subtracted from the fuel costs when calculating the total costs.

Bio JP (Jet Petrol) Plant

The Bio jet petrol plant is calculated in the same way as the BioPetrol Plant.
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Gas Grid Storage

The model allows a specification of the capacity of the gas grid storage. The storage is used when
calculating the resulting import/export of natural gas described in chapter 8.7.
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3.11. Synthetic Fuel

EnergyPLAN 10.1: Startdata
File Edit Tools Help

FHERS
Frontpage = Input | Cost | Regulation | Output | Settings

ElectricityDemand = DistrictHeating | RenewableEnergy | ElecStorage  Cooling | Indiidual | Industy | Transport | “Waste | Biomass Conversion | Synthetic Fuel | Desalination

Syntetic gas and liquid fuel production

CO02 Hydrogenation {Producing Synthetic Grid gas out of Carbon Sequestration and Hydrogen Electrolysis)

Total Electrolyser Carbon Sequestration Output Flexibility

Elec.demand  Elec.demand Electrolyser Hydiagen Elec.demand Elec /CO2  CO2/Syngas SynGridGas DH ar. 2 DHa 3 DH prod. =] fwerage  Max Cap

Twhiyear Twhiyear  Efficiency Ratio Twhivear  Twhitton  Mion/TwWh Twhivear Share tot. Elec.demand  Twhivear Mwi-Gaz  Mw-Gas
0.00 0.00 0.73 115 0.00 0289 0.252 0 0 0 000 0 0

o]

DH [District healing) is assumed a houly constant output

Hydrogenation (Producing Synthetic Grid gas out of Gasification Gas and Hydrogen)

Gasification Gas and Hydrogen Input Output Flexibility (Mot yet included in calculation)
Gasification Hypdiogen  Efficiency  Hpdiogen SpnGridGas Average  Max Cap
Twhiyear Twhiyear 7 Share =] T'whpear MwiHeat Mu/-Heat

= -

0.00 0.00 094 0.3 0 0 0 [ €0, }—f\)

#| Efficiency = SynDigsel output per gas and hydrogen input \
] Hydrogen share = Hedragen share of gas and hydrogen input

f Biomass
| eanversion
\

Hydrogenation
J

\

1

J

HydroMethanation (Producing Synthetic Grid gas out of Biogas and Hydrogen)

Biogas and Hydrogen Input Output Flexibility (Mot yet included in calculation)
Biogas Hypdragen  Efficiency  Hydrogen SpnGridGas Average  Max Cap
Twhivear Twhivear *] Share ] Twhipear M -Heat  h'w-Heat

0.00 0.00 0.8298 0.502 i o i

Chemical Synthesis (Producing Liquid Synthetic fuels out of SynGridGas from Gasification and Hydrogen)

Input Output SynlP Outout SynPetrol Dutput SynDiesel
SynGirdGas SpnlP Efficiency SpnPetral  Efficiency SynDiesel  Efficiency
Twhivear Twhivear Twhivear Twhvear
0.00 0 1 0 g 0 04
Input

Feoanyaro-Gridgas = Annual production of synthetic gas for the gas grid (TWh/year)

Ccoznydro-max = Capacity of the CO, Hydrogenation plant (MW)

Acozsequestration-elec = Electricity demand for CO, sequestration (TWh/Mton)

Yco2sequestration-Demand = Demand for CO, per synthetic gas production unit (Mton/TWh)

Hcozelectrolyser = Electrolyser’s efficiency

YcozHydrogenration = Demand for CO, per synthetic gas production unit (Mton/TWh)

SHAREp2-co2mydror SHAREpp3.coznyaro = Annual heat to DH gr2 and 3 in share of total electricity demand

Fsyntydro-Grideas = Annual production of synthetic gas for the gas grid (TWh/year)
Csynhydro-max = Capacity of the Hydrogenation plant (MW)

Ksynhydro = (Hydrogen+GasificationGas)-to-SyntheticGridGas efficiency
YsynHydro-Hydrogenshare = Hydrogen share of total input (Hydrogen plus Gasification gas)

FsynMethan-arideas = Annual production of synthetic gas for the gas grid (TWh/year)
Csynmethan-max = Capacity of the Hydrogenation plant (MW)

Ksynmethan = (Hydrogen+GasificationGas)-to-SyntheticGridGas efficiency
YsynMethan-Hydrogenshare = Hydrogen share of total input (Hydrogen plus Gasification gas)

Fsynips Fsynpetrol, Fsynbiesel = Annual production of synthetic Jet Petrol, Petrol and Diesel (TWh/year)
Ksynip, Ksynpetrol, Ksynpieser= €efficiencies (Gridgas-to-liquidfuel)
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The Synthetic fuel tab sheet covers synthetic gas and liquid fuel production and includes plants and
units which convert hydrogen and biomass, in terms of biogas and gasification gas, into synthetic grid
gas and synthetic liquid fuel, such as diesel, petrol and jet petrol.

Hydrogen, biogas and gasification gas are transferred from the ElecStorage and biomass conversion
tab sheets. Synthetic grid gas is produced for the gas grid and synthetic fuels are transferred to the
transportation tab sheet.

For each of the units, the following initial calculations are made simultaneous with the entry of
inputs into the tab sheet:

CO; Hydrogenation Plant

The necessary minimum capacity of the CO, Hydrogenation plant is calculated as the average of the
annual production:

CCOZHydro—Average = FCOZHydro-GridGas *1000000 / 8784

The electricity demand for CO, sequestration is calculated from the specified efficiencies in terms of
electricity demand per CO, (TWh/Mton) and CO, per synthetic gas production (Mton/TWh):

D o =F . * }b . * .
CO2Hydro-Sequestration CO2Hydro-GridGas CO2Sequestration-Elec YCOZSequestrauon-Demand

The electrolyser electricity demand for hydrogen production is calculated as a function of the
electrolyser’s efficiency in combination with the ratio of hydrogen used in the process:

DCOZHydro—EIectronser = FCOZHydro-GridGas / (HCOZEIectronser / ’YCOZHydrogenRation)

The resulting annual electricity consumption is calculated as the sum of the two:

DCOZHydro-Sum = DCOZHydro—Sequestration + DCOZHydro—EIectronser

The contribution to district heating in groups 2 and 3 is calculated hour by hour and added to the
CSHP and solar production. When calculating the hourly distribution, a constant output is assumed.

- *
Qcozmydro-bH3 = Dcozmydro-sum * SHAREDu3-coamydro

q CO2Hydro-DH3 = QCOZHydro-DH3 * 1000000 / 8784

For the annual fuel balance, the hydrogen production is calculated from the hydrogen ration:

= *
I:COZHydro—Hydrogen = FCOZHydro-GridGas YCOZHydrogenRation
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3.11.1. Hydrogenation from Gasification Gas and HydroMethanation:

The initial calculations regarding hydrogenation of gasification and biogas are similar and here
illustrated for the hydrogenation of gasification gas.

The total demand for both hydrogen and gasification gas is calculated:
Fsyntydro-Totalinput = Fsyntydro-GridGas / KsynHydro
The separate demands for hydrogen and gasification gas are then found:
FSynHydro-HydrogenDemand = FSynHydro-TotaIInput * Y synHydro-HydrogenShare

Fgasigas-for-Hydrogenation = I:SynHydrc:)-TotaIInput - FSynHydro-HydrogenDemand

The necessary minimum capacity of the Hydrogenation plant is calculated as the average of the
annual production:

CSynHydro—Average = FSynHydro-GridGas * 1000000 / 8784
The resulting demands for biogas and gasification gas are transferred to the Biomass Conversion tab

sheet and subtracted in the productions before being upgraded to grid gas quality, as described in
section 3.10.

Chemical Synthesis

For all three types of synthetic liquid fuel (Synthetic diesel, petrol and jet petrol), the output and the
efficiency are specified and the resulting demand for synthetic grid gas input is calculated as:

FGridgas-SyntheticSynthesis = FSynJP/KSynJP + FSynPetroI/ KSynPetroI + I:SynDiesel/KSynDieseI
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3.12. Desalination

EnergyPLAN 10.1: Startdata
File Edit Tools Help
FHERS
Frontpage = Input | Cost | Regulation | Output | Settings

ElectricityDemand | DistictHeating = RenewableEnergy | ElecStorage | Cooling | Individual | Industy | Transport | Waste | Biomass Conversion | Synthetic Fuel | Desalination

Desalination

Fresh water demand and storage ;" B
Desalination
Fresh wiater Demand: 0 Gmadyear Change distribution const tat plant
Fresh Water Starage: 0 Mm3 Storage content difference: 0.00 ¥ "
Fresh W ater Pump efficiency: 0.85 kwthim3 water Electricity Demand: 000 Twhiyear ]
Fresh W ater Pump Capacity (Min.): 0.00 Mw-eles Actual capacity investment]: |0 hwd-elec L

Desalination plant including pumps

Capacity of desalination plant: 0.00 1000 m3 fresh water/howr Actual capacity: 0 1000 m3 fresh water/hour

Efficiency [electicity consump. ) i Kiwh/m3 fresh water

Fresh water share of salt water: 0.7 m3/m3 Salt 'w'ater Demand: 0.00 Gmad/year

Bring share of salt water: 0.3 m3/m3 Electricity Demand: 0.00 Twhdyear
Pump hydro energy storage

Turbine efficiency: 0.9 K hikiwh Brine Production: 0.00 Gm3/year

Pump efficisncy: 0.85 awhAdwth Electricity Production: 000 Twhiyear

Turbing capacity: 0 b -elec.

Pump Capacity: 0 tdwi-elec:

Brine storage: 0 fm3

Energy equivalent of brine in storage: |2 kb3

Input

Fresh Water demand and storage:

Dtrest : Annual Demand for Fresh Water (Mm3/year)

Hourly distribution of Fresh Water demand

Seresn : Capacity of Fresh Water Storage (Mm3)

Uerestwaterpump ¢ Electricity efficiency of the fresh water pump (kWh/m3 Fresh Water)
Cpump-rreshwarer - Capacity of the fresh water supply pump (MW electric input)

Desalination Plant including Pumps:

Coesaunation : Capacity Desalination Plant (m3 Fresh Water/hour)
Hoesaunation © Electricity efficiency (kWh/m3 Fresh Water)
SHAREges : Fresh Water Share of Salt Water input (m3/m3)
SHAREggn : Brine Share of Salt Water input (m3/m3)

Pump Hydro Energy Storage

Wrureine - Electric efficiency of turbine (kwh/kWh)

ppump : Electric efficiency of pump (kWh/kWh)

Crurene : Capacity of the turbine (MW electric output)

Cpunmp : Capacity of the pump (MW electric input)

Serine : Capacity of Brine Storage (1000 m3)

dsrinesTorAGE : ENergy equivalent of water in Brine Storage (kWh/m3)
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The modelling of desalination is based on a potential solution for a plant in Jordan as illustrated in
the diagram below:

Red ::: LA N ~,
i b ST Pumps Desalinization ML/ Storage

Pumps

Distne Storage

aulqJn]
duing

Dead Sea

Based on the hourly fresh water demand and storage the model will calculate the minimum
necessary capacity of the fresh water pump and the desalination unit to fulfill the demands as
follows:

First the hourly demand for fresh water (dggesy) is calculated from the annual demand (Dggesy) and the
hourly distribution.

The hourly electricity demand (MW) and minimum necessary capacity (MW) of the fresh water pump

is found as the hourly demand for water multiplied by the electricity efficiency of the fresh water
pump (kWh/m3 Fresh Water) divided by 1000 to get the result in MW.

ePUMP-FRESHWATER = dFRESH * HFRESHWATERPUMP / 1000
CPUMP—FRESHWATER—MIN = Max (ePUMP—FRESHWATER)
The minimum capacity necessary will be shown in the input TabSheet of EnergyPLAN and the user
will be allowed to input a higher value if desired. This value is only used in the cost calculation and if
one inputs a smaller value the EnergyPLAN model will replace it with the necessary minimum value.

Next, the average fresh water production (Wegesh-averace) is calculated:

WERESH-AVERAGE = DFRESH / 8784
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The hourly content of the fresh water storage (sgresy) is calculated by iterations and by setting the
production of fresh water (wgresy) equal to the average value (Wrgesh-averace) in the first iteration:

SeresH := SrresH t (Wrresh = Orresn)
If Seresn > Seresn then Sepesn = Srresh
If Seresn < O then Sggesy = 0

To assure that the content of the fresh water storage is the same by the end of the year as at the
beginning the calculation is repeated once.

If the storage is big enough there will be a balance between the annual production and demand for
fresh water. However if the storage creates a limitation there will be a lack of production. In this case
the capacity of the desalination unit is raised in small steps until repeating the calculation above
provides a balance and the minimum capacity required for the desalination plant has been identified.
The minimum capacity necessary will be shown in the input TabSheet of EnergyPLAN and the user

will be allowed to input a higher value to allow for better integration. However if one inputs a smaller
value the EnergyPLAN model will replace it with the necessary minimum value.

The hourly demand for salt water (wsa.7) as well as the production of brine (wggine) and the demand
for electricity (dpesaunation) is then found as follows:

Wsait = Weres / SHAREgresn

Werine = Wsair * SHAREgrine

_ *
dpesaLinaTION = WrresH ILDESALINATION

Afterwards, based on the hourly production of brine (wggne), the brine storage content (sgrine) and
the maximum electricity production on the turbine (eryraine) is found as follows:

€TURBINE = min [ ( HTURBINE * SBRINE ) ’ CTURBINE ]

— *
SBRINE = SBRINE + WaRINE * (BRINESTORAGE - €TURBINE

If Sgrine > Serine then Sgrine := Serine
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3.13. Fuel Cost

EnergyPLAN 10.1: Startdata =X
File Edit Tools Help
FHERS
Frontpage  Input | Cost | Regulation | Output | Settings
Fuel | Dperation | Investment | Additional
Fuel, Taxes and CO2 costs
Diesdl Dy Wiet Muclear/Uranium
Coal Fueldil G:::: Petral/JP Mgaz LPG Waste Biomazz  Biomasz  Biomass Il handling etc,
Fuel Price (world market prices) (DKK/GJ) D L : 0 L : k90 [fj0 : 0 :
Fuel handling costs [distribution and refinery) [DEE/G]
Ta Biomass Conversion Plants o 0 0
To central CHP and power stations a o o a o
To dec. CHP, DH and Industry 0 1] 0 0 1] Biomags: E.g. straw and wood incl. pellets
To Individual house holds i} i} i} i} Drry Biomnass: Green energy crops for Biomass conversion
To transpottation (1nad and i 0 ] ] ] wet Biomass: E.g manure ete. for biogas production
To transportation [air) 0
Taxes [DKE/G) Taxes on electicity for energy conversion :
Individual households 0 0 o o
It 0 i] 1] 0 i] [DEEAMwh) DH spstems  Individual houses
: 1] 1]
Beilers at CHP and DH plants) 0 0 0 0 0 BIERiTE =R - -
CHF units 0 i 0 0 i fleathmes 2 :
Compressed Air Energy Storage [CAES] i Blectiizers
Electic cars 0
CO2 content in the fuels: 95 74 BE.7 5964 rii] koG] - i}
CO2 captured by CCS il bt
- . b o Business economic operation: Socio economic consequenses:
Elce etdedignsional et res ] [EREEREE] Al costs (fuel. handling and taxes] are included Taxes are not included when the socio economic
T I o P in the marginal costs when optimal operation consequenses are calculated.
strategies for the individual plants are decided,
Input

Fuel world market prices, handling costs and taxes (DKK/GJ)

PCoaI-WM/ IDFueIOiI-WM; I:’DieseI-WM/ I:)PetroI-WM/

PNgas-WM; PWaste-WM/ I:)Biomass-WM/ IDDryBiomass-WM/ PWetBiomass-WM = World MarkEt Fuel Prices

PBiomass-Hbiocom PDryBiomass- Hbiocon, PWetBiomass- Hbiocon = Fuel Hand"ng costs fOF Biomass Conversion PIants
PCoaI-Hcen; PFueIOiI-Hcen' PNgas-Hcen: PWaste-Hcem PBiomass-Hcen = Fuel Handling costs fOF Central power pIants
Pcoal-tidecs Prueloil-Hdecs PNgas-Hdecs Pwaste-Hdec Paiomass-Hdec = FUel Handling costs for decentralised CHP and industry
Pcoal-Hindvs Piesel-Hindvs Phgas-Hindvs Pgiomass-Hinav = Fuel Handling costs for individual households
PDieseI—HRoadr PPetroI-HRoadl PJP-HAirl PNgas-HRoad: PBiomass-HRoad = Fuel Hand“ng costs for transport

PCoaI-TaxIndv; I:’DieseI-TaxIndw PNgas-TaxIndw IDBiomass-TaxIndv = Taxes on Fuels fOf individual households

Pcoal-Taxts Prueloil-Taxis Pgas-Taxis Pwaste-Taxi» Pgiomass-Taxi = Taxes on Fuels for waste incineration and industry
PCoaI-TaxB: PFueIOiI-TaxB: PNgas-TaxB: PWaste-TaxB; PBiomass-TaxB = Taxes on FUG'S fOf' diStriCt heating boilers
Pcoal-Taxchps Prueloil-Taxcps Phgas-TaxcHp, Pwaste-Taxchps Pgiomass-Taxcrp = Taxes on Fuels for CHP production
Pngas-Taxcaes, = Taxes on Fuels for CAES installations

CO, trade price and Electricity taxes on heat and hydro productions (DKK/MWh)
Pelec-Taxen-pHs Pelec-Taxtp-0Hs Pelec-Taxelc-DHs Pelec-Taxcaes-on = Taxes on electricity in district heating systems
Petec-TaxeH-indvs PElec-TaxHP-Indvs Pelec-TaxElc-indvs Pelec-Taxsev-Inay = Taxes on electricity in individual houses and cars

CO, emission factors (kg/GJ)
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COx¢0als CO20i1, CO2ngass COrwaste = CO, emission factors

CO, trade price (DKK/t CO,)
Pcoa-trade - CO, emission quota price (included in marginal costs)

The Fuel tab sheet is part of the Cost section. As shown in the diagram, the cost data of the model
are divided into four sets of data: Fuel, Operation, Investment, and Additional costs. The Additional
costs tab sheet contains additional investment specification.

An analysis using technical optimisation strategies can be done solely on technical data from the ten
input tab sheets described in the previous section. However, if one wants to include either market-
economic optimisation or if a feasibility study is conducted; further inputs are required in the “cost”
section.

In the guidelines on how to use the EnergyPLAN model, one can learn how to conduct feasibility
studies and market exchange studies when cost data input are provided for the model. Such analyses
are conducted in exercise 5 and guidelines. Both can be found on www.EnergyPLAN.eu.

Fuel prices are specified as world market prices and domestic handling costs and taxes, if any. The
input in the Fuel Cost tab sheet is used for two purposes. The one is a calculation of marginal
productions costs, which is done in the Cost Operation tab sheet (see below in section 3.13). The
other is a feasibility study including fuel costs, which is conducted at the end of the energy system
analysis (see section 7.8).
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3.14. Operational Cost

EnergyPLAN 10.1: Startdata =X
File Edit Tools Help

FHERS

Frontpage  Input | Cost | Regulation | Output | Settings

Fuel | Operation | Investment | Additional

Variable Operation and Maintenance Cost

District Heating and CHP systems Marginal Costs of producing 1 Mwh electrcity
Builar i} DEKMsdbrth DistricHeating  Inct. CHP2 decr. HP2 1] DEEMwh
CHP i} DEEMiwhee Incr. CHP3 decr. HP2 1] DEE b
Heat Purnp 0 DEKMwhee Incr. CHPZ decr. B2 1] DEEMwh
Electric heating 0 DEKMvwihee Inct. CHP3 decr. B3 1] DEK b
Incr. B2 decr. HPZ 1] DEEMwh
Power Plants Incr. B2 decr. HP3 i DEKMwh
e e a DKK Mwhe Incr. B2 decr. EB2 ] DEEMwh
e e 0 DKK Mwhes Incr. B3 decr. EB3 1] DEK b
incr. CHPZ decr. ELT2 1] DEEMwh
Geathermal o DKM :
5 incr. CHP3 decr. ELT2 1] DEE b
GTL M1 o DKK Advhe-fuelinput
GTLM2 0 DKK vefuishinput incr. B2 decr. ELT2 1] DEEAd W R
incr. B3 decr. ELT3 1] DEE A
incr. GTL decr. B3 1] DEEMwh
SloBge incr. GTL deor. CHP3 0 DKEMwh
Sl o BLGle Power Plants  Condensing Power 0 DKKMwWh
Pump o DKM
. PPz 1] DEE b
Turbine o DEKMwh-e
2 Hydro Pawer o DEKAdWhH
W2G Discharge *) i} DEKMydhre e 0 KK Mwh
Hydro Power Pump o DR wWhee
Individual Incr. Mgas.CHP decr. B. o DEKAdwh
Individual Inci. Bio.CHP decr. B 1] DEEMwih
B iler 2 OKE wheth Incr. HP decreaze EH 1] DEE b
CHP i} DEKMywdhre 2 : A
Heat Purp a DK Mwihee Marginal Costs of storing 1 MWh electrcity
Electric heating o DR wWhee DEEMWh  Multiplication Factar =)
Individual Inct. H2Z.CHF decr. Boiler 1] 1.85
#| Total cost of staring defined pr. Mywh of elechicity production Storage el [E‘ECU!C VT W 123
#] Minimum selling price devided by maximum buying price R TR (CHES) U 1
Hydro Pump Storage 1] 337

Input

Variable Operational Costs (DKK/MWh)

Pvoc-goiler-oH, Pvoc-crp-oH, Pvoc-ne-oH, Pvocen-on = Variable operational costs in district heating plants
Pvoc-tydror Pvoc-pps Pvocnuclears Pvoc-eothermal = Variable operational costs in power plants

Pvoc-gic: Pvoc-pumps Pvoc-Turbines Pvoc-vag Pvoc-tydro-pump = Variable operational costs in storage systems
Pvoc-Boiler-indvs Pvoc-chp-indvs Pvoc-p-indvs Pvoc-er-inav = Variable operational costs in individual households

In the Cost Operation tab sheet, variable operational and maintenance costs are specified for all units
which are involved in the electricity balancing. Such costs are used for identifying all relevant
marginal production costs, which are calculated on the basis of fuel costs, taxes, CO, costs (specified
in the Fuel Cost tab sheet), and variable operational costs. Fuel costs consist of international market
prices plus local handling costs, as shown in the input tab sheet below.

For units connected to district heating plants (such as CHP and heat pumps), power stations and
individual micro CHP, marginal costs are given in DKK/MWh of electricity production/consumption.
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For storage units such as hydrogen CHP and pump storage systems, marginal costs are given
according to a multiplication factor and an addition factor. Basically, the optimisation criterion is the
following:

*
Psell > Pouy * fmu+ faoo

In which Psen  is the market electricity price when selling (DKK/MWh)
Pouy is the market electricity price when buying (DKK/MWh)
fmuL is the multiplication factor (always bigger than 1), and
fapp is the addition factor (DKK/MWh)

The calculation of marginal production prices is based on the fuel specifications in the various input
tab sheets. Only fuels which are specified as variable are included in the calculation.

3.15. Investment Cost

EnergyPLAN 10.1: Startdata ==
File Edit Tools Help

EHERS

Frontpage | Input | Cost | Regulation | Output | Settings

Fuel = Operation | Investment | Additional

Investment and Fixed Operation and Maintenance Costs Interest: g Percent pro anno
Prod. type Investment Period O.and M. Total Inv. Costs Annual Costs (MDKK{year)
Unit MDEK pr. Unit “ears % af Inw. MDKE Investment  Fixed Opr. and M.
Solar thermal 0 T'wihdypear i} i} i} 1} 1} 0 Investment
Srmall CHF units 1000 Mi/-2 0 0 B 0 0 0 Sum Annual Costs
Heat Pump gr. 2 0 biwi-e il il 0 a a 0 1] (MDKKjyear)
Heat Storags CHP 20 Gwh ] ] 0 1] 1] 0
Large CHP units 1500 Mw-e ] ] 0 1] 1] 0
Heat Pump ar. 3 100 Mw/-2 il il ] 1] 1] 1] =
Heat Storage Solar 0 Gwh il il 1] 1] 1] ] Fixed Oper. and M.
Bales g 2and 3 10000 Mwth : : : 0 0 0 Sum Annual Costs
Large Pawer Plants 2500 Mw'-e ] ] 0 a a 0 (1] (MDKK/year)
Wind 1000 Mw-g il il 1] 1] ] ]
wind offshore 0 Mg il il 1] 1] 1] ]
Photo Yaoltaic 500 M- il il 0 1] 1] 0
W ave power 0 Mg ] ] 0 1] 1] 0
River of hydio 0 Mg il il 1] 0 0 ]
Hydro Power 0 Mg il il 1] 1] 1] ]
Hydro Storage 0 Gwh il il 0 1] 1] 0
Hydro Pump 0 Mg ] 0 0 1] 1] 0
Muclear 0 Mg il il 1] 0 0 ]
Geathermal 0 Mg il il 1] 0 1] ]
Electrolpser 0 Mg il il 0 1] 1] 0
Hydrogen Storage 0 Gwh ] ] 0 o o 0
Purmp 0 kg i} i} i} 1} 1} 0
Turbine 0 Mg il il 1] ] 1] ]
Pump Storage 0 Gwh il il 0 1] 1] ]
Indv. boilers 0 Miw-th ] ] 0 1] 1] 0
Indv. CHP 0 k-2 i} i} i} 1} 1} 0
Indv. Heat Pump 0 Mg il il 1] ] 1] ]
Indv. Electric heat 0 Mg il il 1] 1] 1] ]
Indy. Solar thermal 0 Tw'hpear 0 0 0 1] 1] 0
BinGas Upgrade 0 b 1] il 0 1] 1] 0
Gasification Upgrade 0 M/ ] ] 0 1] 1] 0

Input

For each component (here shown for wind):
PUnit-Wind = Per unit price
Nwing = lifetime of investment
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Proc.wing = Fixed annual operational costs in percentage of total investment

Common to all calculations:
i = calculation interest (real interest) used for socio-economic evaluation

In the Investment Cost tab sheet, the model summarises the input capacity specifications for the
production units, and one can add unit prices, lifetimes and fixed operation and maintenance costs.
Also, one must enter an interest rate for the whole calculation. The total investment () of each
production unit is simply calculated as:

= *
IWind = CWind PUnit—Wind

The model then calculates the annual costs of each component divided into investment costs and
fixed operation and maintenance costs.

The annual costs, Ajnestment, are calculated as follows:
. en
AInvestment»Wind = IWind * | / [1 - (1+|) ]

In which

- lwing are the investment costs found by multiplying the number of units by the cost unit (MDKK
per unit). The unit is shown for each component. E.g., the unit for large CHP is MW, and
consequently, the cost is given in million DKK/MW.

- nisthe lifetime given in years.

- iistheinterest

The annual fixed operational costs, Arqc, are calculated as follows:
Aroc-wind = Proc-wind * lwind
In which

- Proc is the annual fixed operation and maintenance costs given in percentage of the investment
cost.
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3.16. Additional Cost

EnergyPLAN 10.1: Startdata =X
File Edit Tools Help
FHERS
Frontpage  Input | Cost | Regulation | Output | Settings

Fuel | Operation | Inwestment | Additional

Specification of Various Additonal Investment Costs

Prod. type Investment Period O.and M. Total Inv. Costs Annual Costs (MDKK{year)

Unit MOKK pr. Unit  Years 2 of Inw MDKE Inwvestment  Fived Opr. and M

waste CHP 0.00 Twhepear 0 0 0 1] 1] 0

Abzorp. HP [waste] 0 Miw-th ] ] 0 1] 1] 0

Biogas Plant 0.00 Twih/pear il il 1] 1] 1] ]

Gasification Plant 0 b/ il il 1] 1] 1] ]

BioDiesel Plant 0 M¥w/-bio 0 ] 0 1] 1] 0

BioPetrol Plant 0 Miw-bio ] ] ] 1] 1] 0

Bl PPlant 0 M¥w/-bio 0 0 0 1] 1] 0

Tidal Power 0 ks i} i} i} 1} 1} 0

CSP Solar Power 0w/ il il 1] ] 1] ]

CO2Hydiogenation 0 b/ il il 0 1] 1] ]

Synthetic Gas Plant 0 M/ ] ] 0 1] 1] 0

Chemical Sythesis 0 ki i} i} i} 1} 1} 0

Dezalination Plant 01000 m3 fresh we g il 1] 1] ] ]

‘w'ater storage 0 Mm3 il il 0 1] 1] 0

Dresciiption of additional investment
i i i a 0
i i i a 0
i i i L 0
0 i 0 0 0
0 0 0 a 0
0 0 0 a 0
0 0 0 a 0
0 i 0 0 0
0 i 0 0 0
0 i 0 0 0
Save Cost Data Load Mew Cost Data

In the Additional Cost tab sheet, one can add and specify additional cost, i.e., investments that are
not directly connected to the production units, such as the insulation of buildings, transport
infrastructure, etc.

The additional costs are included in the calculation of total costs.
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3.17. Regulation

EnergyPLAN 10.1: Startdata
File Edit Tools Help
FEHERS

Fromtpage | Input | Cost | Regulstion | Qutput | Setiings

Regulation:

Chose Optimisation Strategy: Technical Optimisation

Change technical regulation strategy | 1 Balancing heat demands

Individual heat pump regulation 1 Individual Heat Pumps seek to utiize only Critical Excess Production

Electric grid stabilisation requirements: External Electricity Market Definition

Minimurn grid stabilization production share 03 Price distribution Change | Hour_nordpool tt

Stabllisation share of CHF2 0 Addition factar 0 DKKMwh

Heat Pump M aximum load: 0s tultiplication factar 2

Stabilization share of Waste CHP o Resulting average price : 227 DEE/MWh

Stabilization share smart charge EY and V26 d Share of charge connection

Stabilisation share transmission line g Share of max capacity

i B 300 W External Electricity Marketuresponse to importfexport

Minimum PR 0 M Price elasticity i DEEAd W h pr. M
L h 3 Basic price level for price elasticit DEE b

Critical Excess Electricity Production (CEEP) P F Y

Critical Electricity Excess Production (CEEP) regulation: “Write number: 0

1 : Reducing RES1 and RES2

2 : Reducing CHP in or.2 by replacing with boiler Transmission line capacity

3 : Reducing CHF in gr.3 by replacing with bailer

4 : Replacing boiler with slectric heating in gr.2 with maximum capacity: 99939 [ taximum imp./exp. cap: 1600 b

5 : Replacing boiler with electic: heating in gr.3 with masirmum capacity: 99559 M

B : Reducing RES3

7 : Reducing power plant in combination with RES1, RES2, RES3 and RES4

8 : Increasing COZHydiogenation [See Tabsheet Sythetic Fuel] if available capacity

Advanced Mot Active

Input

Electric grid stabilisation requirements:

Staby., = Demand for grid-stabilising units in percentage of total electricity production
Stabcyp, = Share of CHP2 units which can provide grid stabilisation

LIMITyp = Maximum heat production form heat pumps

Stabyasie = Share of Waste CHP units which can provide grid stabilisation

Staby,s = Share of V2G and EV (Electric Vehicle) units which can provide grid stabilisation
Stabrrans = Share of transmission line capacity which can provide grid stabilisation
Cchpa-min = Minimum production on CHP units in DH group 3

Cpp.min = Minimum production on PP units

External Electricity Market Definition:

Pmarket-input = HOUrly input, external market electricity price
Facyy = Multiplication factor

Facagg = Addition factor

Facpepend = Dependence factor (price elasticity)

p, = Basic price level for price elasticity

Transmission line capacity:
Cimp/exp = Import/export transmission line capacity
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In the Regulation tab sheet, one can specify the chosen regulation strategy together with grid
stabilisation requirements and relations to external electricity markets.

3.17.1. External electricity market definition

The market price on the external electricity market is defined by the following input:

- An hourly distribution of prices (chosen from the Library)

- Facyyu = Multiplication factor

- Facagq = Addition factor

- Facpepends = Dependence factor (price elasticity)

- po = Basic price level for price elasticity
For the economic optimisation, the market prices, pwarket, are found from the specified hourly price
distribution (pmarketinput), When modified in the following way:

_ *
Pmarket = PMarket-input Facmu + Facagq

The resulting average market price after influence by the multiplication and addition factors is
calculated simultaneously and shown in the tab sheet.

In the economic optimisation strategy and in the calculation of income from exchange, the market
price is further influenced by the price elasticity, as described in sections 6.1, 6.10 and 7.9.2.

3.17.2. Choice of regulation strategy

The choice of regulation strategy is made by activating the upper button. Here, one can choose
between Technical Optimisation, as described in chapter 6, or Market-Economic optimisation, as
described in chapter 7.

If technical optimisation is selected, one must choose between the following 4 technical optimisation
strategies, all explained in chapter 6:
1. Balancing heat demands
2. Balancing both heat and electricity demands
3. Balancing both heat and electricity demands (Reducing CHP also when needed partly for grid
stabilisation)

4. Balancing heat demands using triple tariff
EnergyPLAN 10.1: Startdata
File Edit Tools Help
EHERSE
Frontpage | Input | Caost | Regulation | Dutput | Seftings
Regulation:
Chose Optimisation Strateqgy: Technical Optimisation

Change techrical regulation strateqy | 1 Balancing heat demands

Individual heat pump regulation 1 Individual Heat Pumps seek to utiize anly Critical Excess Production
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If market-economic optimisation is selected, one must choose between the following 2 optimisation
strategies with regard to the operation of V2Gs, all explained in chapter 7.5:
1. No limitations
2. Limitation: Smart Charge/V2G charge <= PowerPlant-cap + import-max - electricity demand
3.V2G seeks to minimise PP max

Regulation:
Chose Optimisation Strategy: Market Econaomic Optimisation
[ Change ¥2G regulation strategy | 3 W26 seeks to minimise PP max

3.17.3. Choice of Critical Excess Electricity Production (CEEP)
Regulation Strategy

The electrical connection to external electricity markets is limited by the defined capacity of the
transmission lines. Based on such limitation, the model identifies Critical Excess Electricity Production
(CEEP) as the export which exceeds the transmission line capacity. Such production is not allowed in
real life, since this will cause a breakdown in the electricity supply.

However, the model allows CEEP in order to be able to calculate the magnitude as a consequence of
different regulation strategies, or one can ask the model to avoid CEEP.

Seven options to remove critical excess electricity production can be activated:
1: Reducing RES1 and RES2
: Reducing CHP production in group 2 (Replacing with boiler)
: Reducing CHP production in group 3 (Replacing with boiler)
: Replacing boiler production with electric heating in group 2.
: Replacing boiler production with electric heating in group 3.
: Reducing RES4 and RES5
: Reducing power plant production in combination with RES1, RES2, RES3 and RES4
: Increasing CO,Hydrogenation (See Tab sheet Sythetic Fuel) if available capacity

OO U A WN

The seven possibilities are activated according to an order of priority. If, for instance, "CEEP
regulation" is given as 23547 (referring to the numbers in the above list), critical excess production
will be removed first by replacing CHP in groups 2 and 3, then by electric heating and, in the end, by
decreasing electricity production from RES1-RES4 together with power plants. For "CEEP regulation"
= 51 (referring to the list above), excess production is removed first by increasing electric heating
only in group 3 and then by stopping RES1 and RES2. All 7 options can be activated in all possible
combinations.

Chapter 8 explains the calculation of CEEP reduction and the specific difference between the options.

3.17.4. Grid Stabilisation Restrictions

The model conducts an hourly calculation and basically assumes that all production units can change
production from one hour to another. However, especially large steam turbine CHP or extraction

86



plants have difficulties in going below a certain technical minimum, typically 20% of max capacity.
Therefore, one can specify a minimum CHP3 production. Such minimum production serves as a
minimum for extraction plants (constituted by the combination of CHP3 and PP). However, in the
modelling of a system with no CHP and/or no extraction plants, one can choose to specify a
minimum PP production instead.

Apart from such minimum production, one can specify limitations on the operation in order to assure
grid stability. A certain percentage (30 per cent is recommended) of the total electricity production
must come from grid-stabilising units. CHP in group 3 and large power plants including hydro,
geothermal and nuclear power are assumed to have such stabilising abilities. In addition, one can
specify to which extent small CHPs in group 2 and RES units can provide grid stabilisation.
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4. Initial analyses not involving electricity balancing

The model starts by making a number of initial calculations based on the input data. Various
electricity and heat demands are found simply by distributing the annual demands according to the
internal hourly distributions.

4.1. Fixed import/export of electricity

The fixed import/export demand is meant to describe exchanges with external electricity markets
additional to the one which is active in the model. Input is annual electricity demand, Dgy, together
with hourly distribution, dgx. The hourly values, dex, are calculated as follows:

dex = Dex * 0ex / Z Oex

4.2. District heating demands incl. heat demands from absorption
cooling

District heating demands in the three district heating groups, including the heat demand for biogas
production and absorption cooling in the various groups, are calculated as described in the following.

For all three district heating groups, the demand is defined by an annual heat demand, Hp, together
with the hourly distribution, 8p4. The same applies to heat demands for biogas production and
absorption cooling in the various district heating groups: Hcoo and O¢oo. The hourly values, hpy, are
calculated as follows:

hon = How * 8pn /X 8pn + Hcool * Scool / Z Scool + Haiogasor * OBiogasoH / Z OiogasdH

4.3. District heating and electricity productions from Industry and
Waste

District heating and electricity production from Industrial CHP are defined for each of the three

district heating groups in terms of the annual heat and electricity productions, Qingustry-on @aNd Ejngustry-
on, together with the hourly distribution, dingustry-pH-:

Qindustry-DH = O~Industry—DH * 8Industry—DH /2 8Industry—DH

€industry-DH = EIndustry—DH * 8Industry—DH /E 6Industry—DH

District heating and electricity production from Waste are calculated in the same way:

aw Qw * dw /Z dw

ew Ew * dw /Z dw

The same applies to district heating productions from biomass conversion plants:
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qeast = Qoasi * Ocasi / Z dcasi

- *
OBioPetrol = O~BioPetroI 8BioPetroI /ZaBioPetrol

Heat production from Industry and Waste are calculated separately for all three district heating
groups, while heat production from gasification and bio petrol plants are assumed to be supplied to
only district heating group 3.

4.4. Fixed Boiler production subtracted from the district heating
demand

The CHP units of each district heating group are modelled by one average production unit with
average efficiencies. Therefore, the model can not include simulation of situations in which the units
of one system are not operating because of maintenance or breakdowns. However, one can
compensate for this problem by specifying a certain percentage of the district heating demand which
has to be supplied from the boiler, the so-called “fixed boiler share”, FixedPercentg. Studies indicate
that approximately 2 per cent of fixed boiler share will represent an appropriate compensation. The
compensation is calculated as a percentage of the annual district heating demand in groups 2 and 3
and afterwards subtracted from the demand. Here it is shown for district heating group 2:

Orixedoilerz = Hpwz * FixedPercents, / 8784

hon2 = hona - OFixedsoiler2

Later (see section 7.1), the production is added to the boiler production:

0s2 = 02 t JrixedBoiler2

The same calculation is done for district heating group 3.

4.5. Boiler production in district heating group 1

In group |, heat for district heating is produced by:
1. Solar Thermal: Osolart
2. Industrial CHP (CSHP): Qindustry-DH1
3. Heat production from waste fuel: qw:
4. District heating plants with boilers: gz

The productions from solar thermal, CSHP and waste are calculated for each hour based on the input
data and the respective distribution sets. The production from the boiler is identified as the

difference between demands and solar/CSHP productions:

0s1= hpn1 - Gsolar = Qindustry-bH1 - Awa

If gg:<0 then qz;=0
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5. Technical Energy System Analysis

This chapter describes the technical energy systems analysis presented as step 3A in the overview.

5.1. Condensing power and import/export including CEEP and EEEP
The calculation of condensing power and import/export including CEEP and EEEP (Critical and
Exportable Excess Electricity Production) is made more or less after each of the following sequences
(sections 5.2 —5.9) in the technical energy system analysis procedure.

The demand is calculated as the sum of the following demands:

drotal = de + dex + dex + deool + Aaiogas + daasi + diopetrol + Upiopiesel T deic + daey + dyvag
+ dipp-total + dien + dupz + dips + dpump + Aiydropump

in which dex = dexpay + dexweek + dexaweek
and dgic = deicz + deies + deier + deiem
The production, excluding the condensing power plants, is calculated as the sum of the following:
€7otal = €Res + €m-cHp T eHydro + €nuclear T €Geothermal T €v2G6 + €w + €csyp + €chp2 + €cHp3 + €1urbine
in Which eges = €gest + EResz + ERes3 + EResa

and ep.cup = em-hacHp + €M-NgascHP T EM-BiocHP

The production of the condensation plants is determined as the larger of the following two values:

A. The difference between demand and production:

€pp = dTotal — €7otal

B. The minimum production needed in order to fulfil the requirement of stabilising the grid:
(I.e., the needed share of power plants with stabilising ability of the total production minus the share
of the other units which are assumed to have stabilising ability)

epp = (€rota™Stabiotal - €cp2™Staberpz - (€wit €wat ews)*Stabwaste - €rest *Stabpest - €res2*Stabges -
eRes3*StabRe53 - eRes4*StabRes4' €cHP3 - €Nuclear = €Geothermal = eHydro = €Turbine -~ €v2G

- Cv26 ™ Stabyag - Cimp/exp ™ Stabrrans) / (1 - Stabyotal)

In which cy, represents the power capacity of all V2G connected to the grid (see further details in
chapter 6.9) and Cyny/exo is the capacity of the import/export transmission line.
In case epp exceeds the specified maximum value, Cp, the necessary electricity production is

imported.
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The import and export of electricity can now be calculated as:

If (eTotaI + epp - rotal < O) then €import = €Total t €pp - drotar  OF else €import = 0

If (eTotaI + epp - drotal > 0) then €export = ETotal t €pp - drotar  OF else €Export = 0
The export is divided into two categories: 1) Critical Excess Electricity Production, ecgp, and 2)
Exportable Excess Electricity Production, eggp. Critical excess electricity production appears when the
export exceeds the maximum capacities of the grid connections abroad:

If eExport > CTransmission
then €ceep = eExport - Ctransmission and €geep = CTransmission

or else eceep = 0 and egeep = €gyport

5.2. CHP, heat pumps and boilers in groups 2 and 3 (regulation 1 or 4)
Based on the modified “hourly distributions” described above and the remaining input data, the
model calculates electricity and heat productions depending on the regulation strategy chosen.

5.2.1. Regulation strategy 1: Meeting heat demand

In this strategy, all heat producing units are producing solely according to the heat demand. For
district heating groups 2 and 3, the units are given priority on an hourly basis according to the
following sequence:

1. Solar Thermal: Osolar2

2. Industrial CHP (CSHP): Qindustry-DH2
3. Heat production from waste fuel: qw»

4. Heat plant CHP: dcHp2

5. Heat pumps: AHp2

6. Peak load boilers: Js2

The productions from solar thermal, CSHP and waste are calculated for each hour based on the input
data and the respective distribution sets. The heat productions from CHP and heat pumps are
identified as the difference between demands and solar/CSHP productions:

dcrp2 = oz - Asolar2 - Qindustry-DH2 = Qw2
If Qcue2 > Terez then qerer = Teurz
Qup2 = Nowz - Asolarz - Qindustry-bH2 = Qw2 ~ QchHp2
If dup2 > Thpz then Quea = Thp:
If  dwp2 > houz * SHAREwp, then qupy = hpny * SHARE

For the heat plant CHPs and the heat pumps, the calculation respects the maximum capacity as well
as the maximum share of heat pumps compared to the total heat demand, SHAREp,. This limitation
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reflects the fact that heat pumps should be used for the production of low temperature heat only.
The peak load boiler supplies the remaining demand:

082 = hpH2 - Usolar2 - Qindustry-oH2 = Qw2 - Ocrp2 - Owp2
If gs>Ts, then qgg =Ts;

The model also makes sure that no heat production becomes negative and the resulting heat balance
is calculated and shown as a result. Due to limitations on capacities or excess productions from solar
thermal or industry/waste, such result may show imbalances.

5.2.2. Regulation strategy 4: Meeting the triple tariff

Regulation strategy 4 is the same as strategy 1 apart from one factor.

In regulation strategy 4, the CHP units in group 2 meet the Danish triple tariff instead of meeting the
heat demand.

The electricity production from CHP units in group 2 is located according to an order of priority, i.e.,
peak load, high load and low load. The periods of the triple tariff are simply defined as:

Peak load during weekdays between 8.00 and 12.00 (plus 17.00-19.00 in the winter)

High load during weekdays between 6.00 and 21.00, and

Low load during the remaining time.

Regulation strategies 1 and 4 are the same in the sense that, in neither of the cases, the CHPs adjust
their productions according to the fluctuations in wind power.

5.3. Flexible electricity demand (including dump charge BEV)

The model uses an hourly distribution of the electricity demand specified in the input as an external
input file. A typical Danish distribution based on statistic information from year 2000 is provided as
an option (shown in diagram 3). Or other external input files can be created. The electricity demand
is distributed according to the specified distribution. Moreover, one can add a fixed import/export
demand as described in relation to the Input Electricity Heating tab sheet in section 3.1.

Any new demands created by the use of electricity for transport (batteries and/or hydrogen) or by
other purposes can be specified in the Input Transport tab sheet (described in section 3.8). Electricity
for transport can be made flexible in two ways. One comprises the smart charge and V2G possibilities
in the transport tab sheet (section 3.8) and the other involves the specification of a flexible demand.
The same routines can be applied to the definition of a certain percentage of the demand as flexible.
This involves an analysis of the consequences of introducing flexible demands for cooling etc. in
industries and/or households.

Thus, an additional electricity demand can be made flexible within short periods according to the

following four categories:

1. Demand following a specified distribution (typically battery cars being charged during the night).
Section 3.8.

2. Demand freely distributed over a 24-hour period according to the actual electricity balance.
(Similar to the above, but with the added possibility of concentrating the demand in the actual
peak hours for, e.g., wind production, which requires a method of communicating this
knowledge to the consumers). Section 3.1.
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3. Demand which can be distributed freely over a week according to the actual electricity balance
(Similar to the above - relevant to consumers with extra battery capacity and for hydrogen-
operated vehicles). Section 3.1.

4. Demand which can be distributed freely over a four-week period (similar to the above - relevant
to hydrogen-operated vehicles. The optimal distribution of demand for a period of this length
requires a long-term prognosis for the electricity balance to be transmitted to the consumers.
Since this prognosis is partly based on a weather prognosis, this is hardly possible today, as the
prognosis for a four-week period at present is not sufficiently reliable). Section 3.1.

For the categories 2, 3 and 4, the demands are distributed within the given intervals one by one
according to an evaluation of the balance between “fixed” electricity productions and demands. The
calculation of productions and demands is done in accordance with the description in section 5.1.
However, only productions and demands from units calculated up to now (steps 1 and 2 and section
5.2) are included; i.e. Nuclear and all RES, CHPs and heat pumps based on regulation 1 or 4 including
individual units. Hydro power and micro CHP are based on the initial estimate not including the
regulation described later in this chapter. Moreover, electricity productions for dump charge BEV are
included. Productions and demands from more flexible units such as electricity storage systems and
electrolysers are not included.

The distribution of demands within the interval is made in order to provide the variation of this
balance with two limitations:

a. it must be positive at any time

b. it should be below a given maximum, C;x (defined in the input)
A normalisation of the variation ensures that the average demand for the period equals the yearly
average.

Part of the existing demand can be specified as flexible in the same way as the transport demands of
categories 2, 3, and 4. Typically, these flexible demands will be connected to either room heating or
to cooling processes (air conditioning or cold stores). The flexible demands can be specified for the
same three periods as the transport demands. For each period and for each type (cooling, heating),
the maximum capacity must be stated. Please note that the fixed demand should be decreased in
order not to increase the total demand. The effects on the hourly distribution of the total electricity
demand are calculated in the same way as for the transport demands. In diagrams 6.1 and 6.2, an
example is shown of how flexible demand reduces differences in the balance between the supply
from CHP and renewable energy and the demand.

|E|ECtriCi‘t':.-’ Production: 3 Days in January
7.000 - - -

£.000
5.000
z 4000
= 3000
2.000
1.000

72 80 85 90 95 100105110115 120125130 135140145

[ csHP BCHP  fwind BPY  sPP EBlmport |

Diagram 6.1: Electricity Production from CHP, Wind and Import, 3 Days in January.
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Diagram 6.2: Example of flexible demand
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The example represents the following situation:
Electricity demand = 33 TWh
District heating = 20 TWh
Wind Power = 2000 MW
CHP = 2000+3000 MW-el
HP =300 + 500 MW-el

Diagram 6.1 illustrates a three-day period in January with a continuous CHP production of approx.
3200 MW, and, on top of this, a wind production increasing the total production to between approx.
3500 and 5000 MW.

In the upper left corner of diagram 6.2, the demand is shown (in the case of no flexible demand); and
to the right, the resulting difference in the balance between supply and demand is shown. The latter
diagram is found simply by subtracting the demand and the supply from diagram 6.1. It can be seen
how an excess production is generated during night hours and there is a lack of supply during day
hours, fluctuating according to the variations in the wind production.

At the next three levels of diagram 6.2, an increasing share of the demand has been changed into
flexible demand in the input. At the second level, 10 per cent is made flexible within a day. At the
next level, an additional 10 per cent is made flexible within a week. And in the last picture, an
additional 10 per cent is made flexible within a four-week period. It can bee seen how such flexibility
is able to continuously improve the balance between supply and demand.

5.4. CHP, heat pumps and boilers in groups 2 and 3 (regulation 2 or 3)
If technical regulation strategy 2 or 3 is chosen, the following calculations are done, which will then
replace the calculations of section 5.2 (strategy 1 or 4).

5.4.1. Regulation strategy 2: Meeting both heat and electricity demands

In this section, the export of electricity is minimised mainly by the use of heat pumps at CHP plants.
This will simultaneously increase electricity demand and decrease electricity production, as the CHP
units must decrease their heat production.

By the use of extra capacity at the CHP plants combined with heat storages, the production at the
condensation plants is minimised by replacing it with CHP production.

The electricity production by CHP, ecyp, must at any time be lower or equal to the maximum
capacity, Ccyp, and to the capacity corresponding to the heat demand which is not met by the
industrial CHP (including waste and biomass conversion plants) and the solar thermal production.
Within these limits, the electricity production by CHP is determined by one of the following
conditions:

A. The capacity which can ensure stability of the grid together with a possible stabilising effect
of the RES units but without relying on any effect from condensation plants:

ecrpiia = (E1otal*Stabiotal - (Wit €wat ews)*Stabwaste - €res1™*Stabgess - €res2 *Stabges; - €ress™Stabgess
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- Resa ™ Stabresa - €chp3 - €Nuclear - €Geothermal = €Turbine - EHydro™ Cv26 ™~ Stabyag - Cimp/exp ™ Stabrrans) / Stabewp,

B. The capacity which will be the result of reducing the CHP production found by strategy |,
ecnp,, in order to minimise the electricity export found by strategy |, eeyport, . The reduction needed
will depend on whether the heat pumps at the CHP plants are already operating at maximum
capacity (For all hours, this is determined as either the technical limit, Cyp, or as the maximum
share of the total heat demand, Sharey ). If this is not the case, the reduction in heat production
caused by the reduction in electricity production can be balanced by an increase in the heat
produced by the heat pumps. This will also reduce the electricity export. As a result, the
necessary reduction is made by a factor

1+Tenp/Cerp * Chp/Thp

If the heat pumps are already operating at maximum capacity, the CHP production will have to
be reduced by the size of the electricity export, egport,-

For these reasons, the reduction has to be calculated in two steps:
a. Reduction of CHP plus increase of heat pump production:
€xpmax = MiIN( Cyp ; hpy * Shareyp)
€CHp,red,a = MIN ( eExport,I/(l + Teup/Cerp * Cup/Thp) 5 ( €npmax - €p ) * Tup/Cup * Cenp/Tenp )

_ * *
€Hp,inca = €cHPred,a Tene/Cenp Cp/Ynp

b. A possible further reduction of CHP only:
eCHP,red,b = eExport,l - eCHP,red,a - eHP,inc,a

€cHp,i,B = €cHp,I - €cHp,red,a = €CHP,red.b

These calculations are performed for groups 2 and 3 separately, but with due consideration of total
stabilisation demands, etc.

After having determined the production at the CHP plants as maximum (ecupia ; €cHpug), the
production of the heat pumps and the boilers are calculated in the same way as in strategy I.

5.4.2. Regulation strategy 3: Meeting both heat and electricity demands and
reducing CHP also when it is partly needed for reasons of stabilisation
(replacing by PP).

Regulation strategy 3 is the same as strategy 2 apart from one factor.
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In strategy 2, CHP will not be reduced (and the heat production will be replaced by heat pumps), if
CHP units are needed for reasons of stabilisation.

Meanwhile, in some situations (when the CHP stabilisation factor is below 100 per cent), excess
production can be minimised further by reducing CHP and replacing heat production by heat pumps

and boilers and stabilisation demands by PP units.

Consequently, in strategy 3, CHP units are reduced even when stabilisation demands call for
replacement with PP units.

The choice between strategy 2 and 3 is a choice between better efficiency in the system and less
excess production.
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5.5. Hydro power

Hydro Power Units are defined by the following inputs:

Chydro: The capacity of the Hydro Power Electricity Generator in MW

Hhydro: The efficiency of the Hydro Power station defined as the conversion factor from energy in the
storage to electricity production from the generator.

Sydro: The capacity of the Hydro Power storage in GWh

Whydro: The amount of energy connected to the water supplied to the storage in TWh/year

SWhydro: The distribution of the energy/water supply in 8784 hourly values

Additional input options are:

Uhydro-pump:  The efficiency of running the generator reversibly as a pump, defined as the
conversion factor from electricity consumption to energy in the storage

Chydro-PUMP: The capacity of the Hydro Power pump in MW

SHydro-PUMP: The capacity of the lower water storage in GWh

The Hydro Power station is subject to the condition that it will always be involved in the task of
maintaining grid stability.

The unit is integrated in the regulation of the total system in the following way:

Initially (described in section 3.3.2), the average hourly production is calculated on the basis of the
water supply to the water reservoirs. The average production is then modified in order to maximise
the potential production when limitations on storage and generator capacities are taken into
consideration.

To correct the calculation from errors due to differences in the storage content between the
beginning and the end of the calculation period, the calculation seeks to identify a solution in which
the storage content at the end is the same as at the beginning. Initially, the storage content is
defined as 50% of the storage capacity. After the first calculation, a new initial content is defined as
the resulting content at the end of the calculation.

The calculation of input can be illustrated by an example characterised by the following:

Chiydro: 400 MW

HHydro: 0.8.

SHydro: 1000 GWh

Whiydro: 2.5 TWh/year

SOWHhydro: Distribution as shown in the diagram

In such case, the storage and the generator capacity set no limits to the system and the resulting
hydro power production is equal to the average production of 228 MW, as shown in diagrams 6.3
and 6.4, together with the storage content (in GWh). The annual production becomes 2.00 TWh/year
(equal to 2.5 * 0.8). The initial and the final storage contents are identified to be 598 GWh.

However, if one introduces a limitation on the storage capacity, so that the total water input cannot

be utilised during a year (e.g., a storage capacity of 500 GWh), the solution shown in diagram 6.5 will
be applied.
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As one can see, the starting point is the average production of 228 MW. During summer and autumn,
when the storage is filled and the water supply is higher than what is needed for average production,
the production of the power plant is increased up to the capacity of the generator. Consequently, the
storage is not filled when the water supply is low during spring and the production is decreased
accordingly. However, in this case, losses in the storage cannot be avoided and the annual
production is limited to 1.88 TWh/year and not the potential 2.00 TWh/year.

Water Supply for Hydro Power
in Norway average 1990-99
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Diagram 6.3: Water supply to the Hydro Power System
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Diagram 6.4: Hydro power output with no limitations in water storage capacity
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Diagram 6.5: Hydro power output with limitations on water storage capacity
If the capacity of the generator is increased to 700 MW, the solution shown in diagram 6.6 is found in
which the system will produce the fully 2.00 TWh/year. If, on the other hand, the capacity is
decreased to 300 MW, the annual production will be only 1.79 TWh/year.

800
7aa
B0
s00
400
300
200
100

Hydro power input

— ydro (WYY

storage (GWh)

ty ~

7 N

Fi g IV N |y N

NI

2196

4392 Satea] 8784

Diagram 6.6: Hydro power output with limitations on water storage and generator capacities

The resulting annual hydro input production is shown simultaneously in the input tab sheet in which
the input data are specified.

In the potential calculation of flexible demand, the baseline hydro power production is subtracted
from the various demands (consumers, fixed import/export, heat pumps and transport) before the
distribution of the flexible demand is determined, as described in section 5.3. In all technical
regulation strategies 1, 2, 3 and 4, the above baseline hydro power production is included when the
power production from the remaining units is determined.

Subsequently, the condensing power and import/export are calculated again in accordance with
section 5.1, and the hydro power is then used for replacing the condensing units and decreasing,
first, CEEP and, secondly, EEEP in the following way:
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First, the potential of replacing the condensing power plant (enygro-inc) is determined as the minimum
value of either the production of the condensing unit or the difference between hydro power
capacity and hydro power production.

€Hydro-Inc = MIN (epp, (CHydro - eHydro)

The hydro production, enyaro, is defined as the production identified through the initial calculation of
section 3.3.2, as illustrated above.

The potential of decreasing hydro power in the case of CEEP (enydro-pec-ceep) is determined as the
minimum value of either the CEEP or the hydro power production. At the same time, the potential is
limited by the fact that the hydro power plant potentially forms part of grid stabilisation:

€Hydro-Dec-ceep = MIN (eceep , €Hydro)
€Hydro-Dec-CEEP <= €Hydro ~ ©Hydro-Min-Grid-Stab

In the case of reversal hydro power, i.e., a pump and lower water storage, the potential of decreasing
CEEP further (enydro-pump-nec-ceep) is determined as the minimum value of the CEEP (minus the share
that is already occupied), the pump capacity, or the content of the lower water storage, Suydro-pump:

€Hydro-Pump-Dec-CEeP = MIN [(eceep - nydro-Dec-ceeP) » CHydro-PUMP ; Shydro-pump / Hydro-Pump |

In the same way, the potential of decreasing hydro power in the case of EEEP (enydro-DEC-EEEP) iS
found.

Knowing the potentials of increasing and decreasing the hydro power production, a balance is found

in which the annual hydro power production is maintained. The reduction of CEEP is given priority
over the reduction of EEEP.

X €Hydro-Inc = Py €Hydro-Dec-CEEP + Py €Hydro-Dec-EEEP
Similar to the previous modelling of the hydro power input, the programme again calculates the
hourly modelling of the system including the fluctuations in the storage content. The hydro power
production (enyaro) is modified in accordance with the generator capacity, the distribution of the
water supply, and the storage capacity in the following way:
Hydro storage content = Hydro storage content + Wygro
€Hydro = €Hydro T ©Hydro-Inc = ©Hydro-Dec-CEEP ~ €Hydro-Dec-EEEP
eHydro-input <= (Hydro storage content - Spyaro)* Hhydro
€Hydro-Input <= Chiydro
Differences in the storage content at the beginning and at the end of the calculation period may

cause errors in the calculations. To correct these errors, the above calculation seeks to identify a
solution in which the storage content at the end is the same as at the beginning. Initially, the storage
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content is defined as 50% of the storage capacity. After the first calculation, a new initial content is
defined as the resulting content at the end of the calculation.

The calculation of the input can be illustrated by the example in diagram 6.7. The upper diagram
shows the electricity production for a week in a system with a high share of both CHP and wind
power. The system has a high excess electricity production (CEEP).

The next diagram shows the influence of the hydro input (before the hydro regulation). It can be
seen how the hydro power automatically replaces the power plant (PP) in the situations in which the
PP produces in order to secure grid stability. However, in other situations, the hydro power also adds
to the problem of excess production.

In the third diagram, the hydro power is part of the regulation and it can bee seen how the hydro
power plant replaces the condensing plant and reduces the excess production.

Electricity production without hydro
Annual
(TWh/year):
oOCEEP|| | CEEP: 2.19
B Wind
opp PP: 10.79
W Hydro Hydro: 0.00
B CHP
1 14 27 40 53 66 79 92 105 118 131 144 157
Electricity production BEFORE hydro regulation
Annual
9000 (TWh/year):
8000
7000 O CEEP|| | CEEP: 3.23
i AN
6000 / B Wind
5000 A 0pp PP:  3.88
4000 -
3000 @ Hydro || | Hydro: 8.00
2000 @ CHP
1000
0
1 14 27 40 53 66 79 92 105 118 131 144 157
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Electricity production AFTER Hydro Regulation

Annual
(TWh/year):
O CEEP/|| | CEEP: 2.19
B Wind
opp PP: 2.80
® Hydro Hydro: 8.00
@ CHP

1 14 27 40 53 66 79 92 105 118 131 144 157

Diagram 6.7: Hydro power is reqgulated to decrease excess and condensing power productions.

5.6. Individual CHP and heat pump systems

The calculations of individual CHP and heat pump systems are based on the initial calculations of
section 3.6. If heat storage capacity is specified, the following moderation will be introduced and will
replace the previous productions.

5.6.1. CHP systems

Heat production and the use of the heat storage give priority to solar thermal, which is calculated as
the maximum value of either solar thermal production or heat demand plus available room in the
heat storage:

qSoIar-M-HZCHP = Max [qSolar-M-HZCHP ’ hM-HZCHP + (SSolar-M-HZCHP - SSolar-M-HZCHF‘) ]

In case of CEEP

If the solar production is lower than the heat demand and CEEP is positive, the heat demand will be
supplied by the heat storage, if possible. Only in the case that this can not be done, the CHP unit will
be operated. Consequently, the CHP heat production is calculated as follows:

Qum-tzcie = Max [0, (Rvmacke - Ssolar-m-rackp = Osolar-m-HacHp) ]

If such CHP heat production exceeds the capacity, the boiler is operated and the CHP heat production
is reduced to the capacity

Aw-tachp-soiter = MaxX [0, (Twzacr = Qm-racre)]

Am-ache = MiN [Auvnacre » Tvenacie)
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In case of condensing power production

If the condensing power production is positive, the micro CHP unit will try to produce at maximum
capacity. Only in the case that excess heat production can not be stored, the CHP unit will be
decreased accordingly. Consequently, the CHP heat production is calculated as follows:

Am-HacHp = Min [TM-HZCHP ’ (hM—HZCHP - qSolar-M—HZCHP + (SSolar—M-HZCHP - sSolar-M-HZCHP))]

The calculations are done separately for each of the three micro CHP systems starting with the H2-
CHP system, followed by the Ngas system and the biomass system. Between each calculation, the
condensing power and excess productions are calculated.

5.6.2. Heat pump system

After calculating the CHP systems, the heat pump systems are calculated in the following way.
Like the CHP system, the heat production and the use of the heat storage give priority to solar

thermal, which is calculated as the maximum value of either solar thermal or heat demand plus
available room in the heat storage:

Osolar-wm-+p = MaX [Olsotar-m-tp » Nivetie + (Ssolar-m-p = Ssolar-m-ie) |
In case of condensing power production
If the solar production is lower than the heat demand and the production on the condensing power
plant is positive, the heat demand will be supplied by the heat storage, if possible. Only in the case

that this can not be done, the heat pump units will be operated. Consequently, the heat pump
production is calculated as follows:

Am-tp= Max [0, (hwup - Ssolar-m-rp = Asolar-m-Hp) ]

If the heat produced by the heat pump exceeds the capacity, the electric boiler is operated and the
heat pump production is reduced to the level of the capacity

Au-wp-en = Max [0, (Tywe = Qurre)]

Au-te = Min [Auese » Tiese]

In case of CEEP

If CEEP is positive, the heat pump units will try to produce according to maximum capacity. Only in
the case that excess heat production cannot be stored, the production of the heat pump units will
decrease accordingly. Consequently, the heat production of the heat pump is calculated as follows:

Amie = Min [Tywe , (Mwee = Qsotar-mnp + (Ssolar-mie = Ssolar-m-te))]
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Diagram 6.8: When heat storage capacity is added to the individual micro CHP systems (the two
lower diagrams), the excess production of the system and the power-only production are decreased
compared to the reference without thermal storage (the two upper diagrams).

Diagram 6.8 illustrates how the model functions in the case of no solar thermal production. An
annual heat demand of 10 TWh/year is specified and the resulting hourly distribution is shown in the
upper diagrams, for a week in January and a week in July, respectively. The next diagram shows the
production in the same weeks divided between the CHP unit and the peak load boiler. On an annual
basis, the CHP unit produces 9.40 TWh and the boiler produces 0.60 TWh of heat. The electricity
production of the CHP units is 5.64 and, in the example, the power plant’s production is 5.88
TWh/year and the excess production is 12.12 TWh/year. The two lower diagrams show how the
model changes the productions IF heat storage capacity is added. The annual heat and electricity
productions from the CHP unit are the same, but the heat storage allows a decrease in the power
plant production and the excess production of the total system.
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In diagram 6.9, the same calculations are shown in which solar thermal is added to the system. In
such case, the model gives priority to the utilisation of the solar thermal input. In the two upper
diagrams without heat storage capacity, the solar thermal input can not be fully utilised. When
storage capacity is added, such capacity is first used in order to increase the utilisation of solar
thermal from 1.25 to 1.49 TWh/year, and then to decrease the power-only production and the

excess production of the system.
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2000 2000
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1000 1 1000
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0 0
1 14 27 40 53 66 79 92 105 118 131 144 157 1 14 27 40 53 66 79 92 105 118 131 144 157
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Diagram 6.9: Corresponds to diagram 6.8 plus solar thermal, which is then prioritised.

5.7. Electrolyser for micro CHP, Transport, Hydrogenation and DH
groups

Four electrolyser systems are described in the model. Two of these are systems which are assumed
to be located next to the district heating groups 2 and 3 along with the CHP units, heat pumps and
boilers. Here, the heat production of the electrolysers can be utilised in the district heating supply.
The two other systems produce hydrogen for micro CHP systems or for transport and hydrogenation.
The electrolyser is assumed to be a hydrolyser (producing hydrogen), but can be used for modelling
any kind of equipment converting electricity into fuel and heat.
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5.7.1. Electrolysers for hydrogen production to individual micro CHP
systems

The calculation is based on the result of the input calculation described in section 3.6.4., in which the
minimum capacity of the electrolyser is identified together with the electricity demand, dgu. The
model seeks to reorganise such production in order to avoid excess and power-only productions.

First, the potential for increasing the production at hours of excess production is identified as the
lower value of either CEEP or the difference between the capacity and the production of the
electrolyser:

deiem-inepot = Min [ eceep (Cetem — deiem) 1

Secondly, the potential for decreasing production at hours of power-only production is identified as
the lower value of either the power production or the electrolyser demand:

dEIcM-dec—pot = Min [ epp , deiem ]

Then a balance is created in which either the potential of increasing or the potential of decreasing is
lowered to achieve the same level as that of the annual potentials:

- *

If DEIcM—dec—pot > DEIcM—inc—pot then dEIcM-dec-pot - dEIcM-dec-pot DEIcM-inc—pot /DEIcM-dec-pot
= *

If DEIcM-inc»pot > DEIcM-dec-pot then dEIcM»inc—pot = dEIcM—inc-pot DEIcM-dec-pot /DEICM»inc—pot

A new optimal distribution of the electrolyser electricity demand (producing exactly the same annual
fuel as before) is calculated as:

deiem = deiem - deiem-dec-pot + ElcM-inc-pot

Finally, such distribution is evaluated against the hydrogen storage capacity. First, the changes in
storage content, sg iy, are calculated

Seiem(X) = Seiem(X-1) + deiem(X) * Oteiem - fM»NgasCHP»TotaI (x)

If the storage content based on such calculation is below zero, the production of the electrolyser is
raised:
If sgem <0 then deew = deiem + (= Seiem / Cleiem)

If the storage content exceeds the storage capacity, the production of the electrolyser is decreased:
If Seiem > Seiem then deiev = deiem + (Seiem - Seiem)

5.7.2. Electrolysers producing hydrogen for transport and hydrogenation

After calculating the regulation of the electrolyser for individual micro hydrogen CHP systems, the
calculation of excess and power-only production (section 5.1) is repeated, and then the calculation of
the hydrogen production for transport and hydrogenation is done exactly the same way as for the
micro CHP, as described in section 5.7.1 above.
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The hourly supply of hydrogen for hydrogenation is (in the present version 10) assumed to be
constant and therefore calculated as follows:

= *
fSynHydro—HydrogenDemand = I:SynHydro—HydrogenDemand 1;000;000 / 8784
- *
fSynMethan-HydrogenDemand = I:SynMe‘chan—HydrogenDemand 1;000;000 / 8784

The hourly demand for transportation is found by the use of the hourly distribution file specified in
the transportation tab sheet:

= *
fTransport—HZ = I:Transport—HZ 8Transport-HZ / 2 8Transport—HZ

The production of hydrogen is identified for all three hydrogen consumptions as a whole:

fTotaI—HydrogenDemand = fSynHydro—HydrogenDemand + fSynMethan—HydrogenDemand + fTransport—HZ

5.7.3. Electrolyser for CO; Hydrogenation

The regulation of the CO, Hydrogenation is used to raise the efficiency of the whole system by
seeking to consume electricity during hours of excess electricity production and minimise the use
during hours of production on the power-alone plants. At the same time, the production of synthetic
gas for the grid is specified in the input tab sheet (see section 3.11).

First, the necessary minimum capacity of the CO, Hydrogenation plant is calculated as the average of
the annual production (as already mentioned in section 3.11):

CCOZHydro—Average = FcoaHydro-GridGas * 1000000 / 8784

If the specified input required for the maximum capacity of the plant is equal to or lower than the
necessary minimum, then the hourly production of synthetic grid gas and the demand for electricity
are set as constant over the year. However, if the maximum capacity is higher, such flexibility is used
to minimise the excess electricity production of the whole system in the same way as for micro CHP
and transportation, as described in sections 3.6 and 3.8.

Additional to the above use of the CO, Hydrogenation plant, one may use the plant for producing
additional synthetic gas to the grid during hours of excess electricity production and available
capacity on the plant. Such use is activated by choosing CEEP reduction strategy 8 in the Regulation
tab sheet, as further described in section 7.2.8.

5.7.4. Electrolysers in district heating systems

The regulation of the electrolysers in the district heating system is used solely to avoid critical excess
electricity production, exactly as the two other electrolysers. However, the electrolysers in the
district heating system do not have to produce a certain amount of hydrogen (as the two other
electrolysers, which must meet the demands of the hydrogen CHP and transport systems).

The sequence of the calculations is as follows. First, the electrolysers of district heating groups 3 and
2 are calculated. After each calculation, the calculation of excess production (section 5.1) is repeated.
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The electrolysers in each of the district heating systems are regulated in the following way:
The electrolyser is used for producing fuel in the case of critical excess production, ecggp>0.

The fuel is used for reducing the fuel consumption of the CHP unit and the boiler of the particular
group.

If the thermal efficiency is equal to 0, the use of electrolysers is simply calculated as the minimum
value of either the CEEP value or the capacity of the electrolysers.

If pec=0 Then egc = min (eceep, Ceic)

If the thermal efficiency is positive, the heat of the electrolyser is used for reducing heat production
of other units according to the following order of priority:

- reduce boiler production

- reduce CHP production

- reduce heat pump production

- wasted

Step1: Replace boiler heat production
First, the potential replacement of the boiler is calculated as the minimum value of either (1) the
critical excess production, (2) the capacity of the electrolyser, or (3) the electricity consumption
responding to the heat production of the boiler. The latter is found by dividing the heat production of
the boiler by the thermal efficiency of the electrolyser. The excess production and the productions of
the boiler and the electrolyser are then adjusted accordingly.
Potential = min (eceep , Cerc, s / Peic)
€ceep = €ceep — Potential
egc = Potential
geic = Potential * pg.
gs = gs - Potential® pg
Step 2: Replace CHP heat production
If the excess production is still positive, then the potential decrease in the CHP unit is found; first by
calculating the factor which will make it possible to remove critical excess production without
creating import. This factor takes into account the fact that the replacement of the CHP by the
electrolyser influences the excess production, as the CHP production is decreased and the
electrolyser consumption is increased. The factor is determined by the following equations:
deceep = O€chp + O

dcHp = OQeic

8qEIc = 6eEIc * PElc
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Sdcrp = Secrp * Perp / Herp

The factor then becomes:

Factor=1+ pewp / (Merp * PEic)

The factor is used for identifying the potential replacement of the CHP in which the combination of
the CHP decrease and the electrolyser increase outbalances the excess production. Consequently,
the potential CHP reduction is identified as the critical excess production divided by the factor. Again,
the potential replacement of the CHP unit is identfied as the minimum value of either such reduction
or the capacity of the electrolyser or the electricity consumption responding to the heat production
of the CHP unit.

Potential = min [ eceep / Faktor, (Cerc - €ic) , e / Peic ]
In the case of group 3, the potential reduction in the heat production of the CHP unit is identified as

the difference between the actual production and the minimum production according to the
regulation inputs.

In group 3: Potential = min [ eceep / Faktor, (Ceics - €eiea) , (Achps - AcHpa-minimum ) / Peic |

Again, the excess production and the production of the CHP and the electrolyser are then adjusted
accordingly, as in the previous case of the boiler.

Step 3: Replace the heat production of the heat pump

If the excess production is still positive, the potential decrease in the heat pump (HP) unit is found;
first by calculating the factor which will make it possible to remove critical excess production without
creating import. This factor takes into account the fact that the replacement of the HP by the

electrolyser influences the excess production, as HP production decreases and electrolyser
consumption increases. The factor is determined by the following equations:

O€ceep = Oepp + Oegc
3qup = 80
OCeic = O€eic * Peic
Oqup = Oepp * Opp
And the factor then becomes:

Factor = ¢wp / peic - 1

The factor is used for identifying the potential replacement of the HP by which the combination of
the HP decrease and the electrolyser increase outbalances the excess production. Consequently, the
potential HP reduction is identified as the critical excess production divided by the factor. Again, the
potential replacement of the HP unit is identified as the minimum value of either such reduction or
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the capacity of the electrolyser or the electricity consumption responding to the heat production of
the HP unit.

Potential = min (eceep / Faktor , (Ceic - €eic), Que/ Peic)

The excess production and the production of the HP and the electrolyser are then adjusted
accordingly, as in the previous case of the boiler and the CHP.

Step 4: Electrolyser heat production is wasted

If the excess production is still positive, the potential increase in the electrolyser is simply identified
as the minimum value of either the excess production or the remaining increase up to the capacity of
the electrolyser.

Potential = min [ eceep, (Ceic - €5ic) ]

The excess production and the production of the electrolyser are then adjusted accordingly.

5.8. Heat storage in groups 3 and 2

To improve the possibilities of minimising the electricity export, the heat storage capacity is included
in the model for each of the district heating groups 2 and 3. Again, such storage capacities are used
for minimising the excess and power-only productions in the system.

In two situations, the storage can be loaded:
A: By increasing the use of HP in situations with electricity export.
B: By moving the electricity production from condensing plants, ey, to CHP plants.

In two situations, the storage can be unloaded:
C: By reducing the CHP production in situations with electricity export.
D: By reducing the boiler production.

B is secondary to A, and D is secondary to C. The four loading and unloading cases are used in the
following order: C-A-B-D.

These series are then used in the following order:
1: Critical excess electricity production, ecgp, and CHP in group 3
2: Critical excess electricity production, ecgp, and CHP in group 2
3: Exportable excess electricity export, egeep, and CHP in group 3
4: Exportable excess electricity export, egep, and CHP in group 2

In order to achieve balance, the calculations are performed in series of two-week periods in which
the storage content at the end of the year is equal to the storage content at the beginning of the
year.

The four loading and unloading situations are calculated as follows:

A: loading by increasing the use of HP in situations with electricity export

First, the minor of the potential increase in district heating production from HP, gup.in, and the
potential increase in storage content, si,, is determined:
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Qtp-inc = MIN (€gep , Crip-€np) * (Thp/Chip)
Sinc = SoH — SpH
New values can now be calculated:
enp = €up + MiN(Qup-inc » Sinc) * (Chp/Thp)
€cep = €gep - MIN(p-ine » Sinc) * (Chp/Thp)
Qup = Qup + MIN(Qup-ine , Sinc)
SoH = Spx + MIN(Qup-inc » Sinc)
B: Moving the electricity production from condensing plants, epp, to CHP plants
First, the minimum condensing power plant production needed in order to stabilise the grid is found
(see section 5.1 for more details):
€pp-min = (€Total™* Stabrotal - €crp2*Stabcnpa - (€w1t wat ews)*Stabwaste - €res1*Stabges: - €res2* Stabges,
- €ges3*Stabgess- €resa™Stabresa - €chps - €Nnuclear - €Geothermal = EHydro = ETurbine - €v26- Cvag ™ Stabyag -

Cimp/exp ™ Stabrrans) / (1 - Stabyotar)

Then, the potential increase in district heating production from CHP, qcupr.ine, and the potential
increase in storage content, s;,., are determined:

Acnp-inc = MIN [ (Ccup — €chp) 5 (€pp — Epp-min) ]
Sinc = SoH — SpH

New values can now be calculated:

ecrp = €cnp + MIN(Acup-inc » Sinc) * (Cenp/Tenp)

€pp = €pp - MIN(Qcrp-inc » Sinc) * (Cerp/ Tenp)
Ccp = Cerp + MIN(Qckp-inc 5 Sinc)
SoH = Son + MIiN(AcHp-inc » Sinc)
C: Reducing the CHP production in situations with electricity export
First, the minimum CHP production needed in order to stabilise the grid is found. In the case of
district heating (DH) group 2:
€cHp2-min = (ETotal™* Stabrotal - (€Wt w2t ews)*Stabwaste - €res1™Stabgesi - €res2*Stabres - €ress™Stabgess
- €resa*Stabresa— (€pp/ Stabrotal) - €cHps - ENuclear = €Geothermal = €Turbine = €Hydro~ Cvag ™ Stabyag -

Clmp/exp*Sta I:)TRANS)
/ Stabcyp,

And in the case of DH group 3:
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€cHP3-min =  ETotal Stabiotal - (€w1t €wat ews)* Stabwaste - €res1 *Stabresi - €resa™ Stabgesa - €res3*Stabgess
- €Resa ™ Stabgesa — (€pp/ Stabrotal) - €nuclear = €Geothermal = €Hydro - €Turbine - (€cHp2/ Stabenps )

If ecrps-min < Ccrpz-min then ecupsmin < Cerps-min
Secondly, the potential for decreasing the CHP heat production, gcupreq, is identified as the lower

value of either the excess production or the difference between the actual production and the
minimum production required for grid stabilisation:

QcHp-red = Min(eeep ; €crp — €ctp-min) * (Tcrp/Cerp)
New values can now be calculated:
€crp = €cup - MIiN(Qcrp-red » Son) * (Cerr/Tenp)
eeep = €gep - MIN(Acrp-red » Son) * (Cerr/Terp)
Acrp = Aerp - MIN(Ackp-red » Son)
SpH = SpH = MIN(Qckp-red , Sow)
D: Reducing boiler production.

First, the smallest potential reduction in boiler production, gsreq, and the potential reduction in
storage content, s,.q, are determined:

OB-red = OB

New values can now be calculated:
Js = 0 — MiN(Qs-red ; Son)

SoH = SpH =~ MiN(QB-red ; Son)
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5.9. Transport (Smart charge and V2G)

Definition of inputs:

Dv2c: Transport demand of V2G cars in TWh/year (defined as demand from the grid)
Ovoc: The distribution of the transport demand in 8784 hourly values.
(The numbers are relative, e.g., each ranging from 0 to 1).
Ccharger: The capacity of the grid connection in MW
V2Gpmaxshare:  The maximum share of V2G cars which are driving during peak demand hour.
Lcharger: The efficiency of the grid to battery connection (charger).
Winverter: The efficiency of the battery to grid connection (inverter).
Sv2c-Battry' The capacity of the battery storage in GWh

V2Gonnection-share: The share of parked V2G cars connected to the grid.

All inputs are expressed for the entire utility system analysed and for the entire vehicle fleet within
the service territory of that utility system. Thus, for example, the maximum system capacity, Ccharger,
is calculated on the basis of the maximum power of a single car multiplied by the maximum number
of vehicles plugged in at any given time.

One important input is the distribution of the transport demand (dv»g), which is used for two
purposes. One is to determine how many V2G cars are driving and consequently not connected to
the grid at the hour in question. This, together with the V2Gyax.share (the maximum share of V2G cars
which are driving during peak demand hour) and the V2Gconnection-share, determines the fraction of the
V2G fleet that is available to the electrical system at any given hour. The other purpose of defining
dvac is to determine the discharging of the battery storage caused by driving.

Initial input calculations

The hourly transport demand, and thereby the discharging of the battery (ty,g), is calculated as
follows:

tvog = [ DVZG * 8VZG /2 6VZG ] * N CHARGE

The grid connection capacity of the total V2G fleet on an hourly basis (cy»g) is calculated as follows:

cv26 = Ccharger * V2Gcomection-share * ((1- V2Gwax-share) + V2Gmax-share *(1 - Svoc/Max(dvzc))

This formula is constituted by three factors. The first factor is Cchager , the power capacity of the
entire V2G fleet. This is multiplied by V2Gcgnnection-share; the fraction of the parked vehicles which is
assumed to be plugged. The third factor, in parentheses, calculates the fraction of vehicles on the
road at each hour. The third parenthesised factor is based on the sum of two terms. The first term,
(1- V2Gpax-share), represents the minimum fraction of vehicles parked. The second term is the
additional fraction of vehicles parked during non-rush hours. The hourly fraction of vehicles parked is
derived from the known input of hourly energy demand for the fleet. This formula yields cyyc , the
power capacity of all connected V2G vehicles, at any given hour. This is a calculation of capacity, not
considering whether sufficient battery power is available. This will be treated in the next section.

The calculation works as described in the following example of 1.9 million cars, each with a grid

connection of 10 kW and each with a demand of 2 MWh/year, equal to 20,000 km/year. The charger
and inverter efficiencies are each defined as 0.9. In total, the demand for transport becomes

114



Dv»c=3.8 TWh/year and a maximum capacity of 19,000 MW. The power used is distributed between
a peak demand during rush hours between 7:00 and 9:00 a.m. and again between 16:00 and 18:00
p.m., as shown in the diagram for one week (Please, recall that this is battery demand, not electric
system demand, as the vehicles are necessarily disconnected from the grid while driving).
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Diagram 6.10: Input distribution of transport demand

Based on such information, the model will calculate the distribution of the demand and thereby also
the discharging of the battery, as shown in the next diagram. The sum of the diagram within a year
becomes 3.42 TWh/year equal to 0.9 * 3.8 TWh/year.
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Diagram 6.11: Transport demand and discharging of battery.

The calculation of the available grid connection depends on the definition of both the maximum
share of V2G cars, V2Gpaxshare, and the share of parked vehicles which are connected, V2Gconnectionshare-
If both are 100 per cent, the result is as shown in the upper figure of diagram 6.12. In such case, the
model assumes that all vehicles are driving during peak demand and, consequently, the grid
connection becomes zero. During low demand, the grid connection becomes equal to the maximum
grid connection, Ccparger, Subtracting the few vehicles that are driving.
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Even during peak demand (rush hour), the model does not assume that all vehicles are driving. By
setting the V2Gpaxshare Value, one can define how many cars are parked and potentially connected to
the grid during peak demand. In diagram 6.12 (the figure in the middle), the V2Gpaxshare has been
defined as 20 per cent, representing a typical situation in which a minimum of 80 per cent of all cars
are parked during rush hours (Kempton et al 2001).
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Grid connection in MW
V2G-max-share =0.2, V2Gconnection-share =0.7
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Diagram 6.12: The model calculation of the available grid connection for three different combinations
of input definitions.

In the lower figure of diagram 6.12, the input of the share of parked vehicles which are connected,

V2Gconmnectionshare:, has been changed from 100 to 70 per cent and, consequently, the grid connection is

decreased in general by 30 per cent compared to fig 2.

Considerations of the modelling of the battery and loading before disconnecting

The batteries of the V2G fleet are modelled as if one “big battery” existed for the entire vehicle fleet.
The available battery capacity is equal to the maximum capacity. In reality, the total capacity of the
battery is not available all the time, since some of the cars will be driving and can neither discharge
to nor charge from the grid; others will need to drive during the next few hours and thus cannot be
discharged. However, for reasons of simplicity, the model assumes that the batteries for the cars are
fully loaded when the cars disconnect and start driving. Consequently, the model does not gain much
from keeping separate accounts of the share of the battery which is not connected, since this part
would typically be fully loaded within the hour anyway. However, the share representing the cars
driving will change a bit from one hour to another in the case of cars driving for more than one hour.
If one wants to take such issues into consideration, one could simply make a small reduction in the
input value for the capacity of the battery, Sv.c.-gattery-

The model is required to make sure that the individual car is fully loaded before it disconnects. In
general, the batteries are loaded in the case of excess electric power production. However, when
there is not excess power production, the model has to make sure that the batteries are loaded prior
to driving periods. (In a future refinement of the model, we may assume that the vehicle controller is
able to infer how much charge is needed and would not need to always fully charge if there is no
excess production and vehicle use is highly regular; e.g., if intercity trips are only made on Saturdays,
the battery may not need to be fully charged at early mornings during weekdays.)

The model assumes that the scheduler of each car is 100% accurate in terms of determining when
the driver will need to drive again. Therefore, the scheduler is assumed to prioritise charging of the
cars that will drive again within the next few hours, so if there is only a small amount of excess wind,
it is directed to the cars that will be in use next time. That is, during each hour, the model inspects
the next, e.g., two hours of driving needs, and if the big battery is not sufficiently loaded for this, the
charging is forced even in the case of lack of excess production. In this case, if needed, fossil fuel
power plants will be switched on if there is not enough excess wind production.
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Such procedure simulates a situation in which the individual car owner will make priorities in terms
of how to optimise between low charging costs and the security of fully loaded batteries when
starting to drive. The car owner does this by setting prices and limitations on the computer control of
the car. However, the car owner will learn from experience and will soon know how to optimise. He
will also know how many hours in advance he must start the charging of the battery even in the case
of no low prices.

Here, the model on its own identifies the number of hours needed to secure driving and thereby the
minimum battery loading. The necessary number of hours will depend on both the shape and pattern
of the distribution of the transport demand as well as on the definition of the rest of the energy
system. For example, a system in which the excess production is severe will call for less “pre-loading”
than a system in which the excess production is small.

The necessary hours of “pre-loading” are found by use of try-and-error. The model starts by assuring
that the battery always has the minimum load required in order to supply the next hour and if this
results in lack of battery content, the number is raised to two, etc. The number of hours becomes a
result of the calculation. In an optimised electric control system, the number of hours prior to driving
might also be determined by weather forecasts regarding anticipated wind for the next few hours,
but we do not consider such refinements here.

Modelling of the V2G cars

For each hour, the model calculates as follows. The V2G cars are told to charge in the case of
available excess electricity production (eceep) and available battery energy capacity (Svzc-gattery - Sv2e-
Baery) Within the limitations of the power capacity of the grid connection (cvg) for that particular
hour. Thus, the formula utilises the minimum of these three values:

€charge = MiN [eceep, (Svac-Batry - Svac-Battery ) / Hcharge» Cvaa]

Moreover, as mentioned above, the charging is forced in the case in which the transport demands of
the present and the next “y” hours cannot be supplied by the battery content. Initially, the “y” value
is set to one hour. If this leads to lack of battery content, the value is raised in steps of one hour.

The minimum battery content needed is calculated:
X=a
SV2G-Battary-min = 2 tvac

aty

Then, the charging of the battery is adjusted accordingly, by requiring that:

€charge >= [SvaG-battery - Sv2G-Battary-min ] / HNcharge

If echarge becomes higher than the capacity of the grid connection, cyvyc, the number of hours, vy, is
raised by one, and the calculations start again.

The new battery content is then calculated by adding the above charging and subtracting the
discharging caused by driving (ty,g):
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Sv2G-Battery := SV2G-Battery - Tvog + (eCharge / HCharge)

The V2G cars are told to supply to the grid in the case of a potential replacement of production from
power plants (epp) and available stored electricity in the battery after the supply of the transport
demand:

€y = min [epp, ((SVZG—Battery - Sv2G-Battery -min)* Hinv ), Cvag ]

The resulting new battery content is then calculated as follows

Sv2G-Battery = SV2G-Battery (emv/ Hinv )

Due to differences in the battery storage content at the beginning and the end of the calculation
period (one year), errors may appear in the calculations. To correct these errors, the above
calculation is repeated until the storage content at the end is the same as at the beginning. Initially,
the storage content is defined as 50% of the battery storage capacity. After the first calculation, a
new initial content is defined as the resulting content at the end of the calculation. Such procedure is
repeated until the difference is insignificant.

REFERENCES CITED:
Kempton, W., J. Tomic, S. Letendre, A. Brooks & T. Lipman. 2001. Vehicle-to-Grid Power: Battery, Hybrid, and
Fuel Cell Vehicles as Resources for Distributed Electric Power in California. UCD-ITS-RR-01-03.

Kempton, Willett and Jasna Tomic, 2005a. Vehicle to Grid Fundamentals: Calculating Capacity and Net
Revenue. J.  Power Sources Volume 144, Issue 1, 1 June 2005, Pages 268-279.
doi:10.1016/j.jpowsour.2004.12.025.

5.10. Electricity storage

The electricity storage is described in the model as a hydro storage consisting of the following
components:

- Pump (converting electricity to potential energy) defined by a capacity and an efficiency

- Turbine (converting potential energy to electricity) defined by a capacity and an efficiency

- Storage (storing energy) defined by a capacity.
On the other hand, the hydro storage can be used for modelling any kind of electricity storage, for
example batteries.

The regulation of the storage is used solely to avoid critical excess electricity production. The storage
facility is regulated in the following way:

The pump is used for filling the storage in the case of critical excess production, ecggp > 0. In such
case, the available space in the storage (Scaes— Scaes) is calculated and the electricity demand of the
pump (epump) is identified as the minimum value of the following three figures:
- eceep, the critical excess production
- (Scaes— Scaes) / Olpump available storage capacity divided by the pump efficiency
Cpump, the maximum capacity of the pump.

If eceep> 0 then epymp:= min [ eceep, (Scaes— Scaes) / Otpump » Crump ]

119


http://www.udel.edu/V2G/V2G-Cal-2001.pdf
http://www.udel.edu/V2G/V2G-Cal-2001.pdf

SCAES = ScAEs * €pump / Olpump

The turbine is used for emptying the storage, first by replacing import and then power plant
production if epp > 0. In such case, the content of the storage (scaes) is identified and the electricity
production of the turbine (etuwine) is identified as the minimum value of the following three figures:

- empory €pp, electricity import or electricity production of the power plant, respectively

- Scaes ¥ Ururbine, Storage content multiplied by turbine efficiency

- Crurbine, the maximum capacity of the turbine.

If €jmport> 0 then etyminer:= min [eimport; ScAES * Wrurbines Crurbine)
If epp> 0 then etympine2:= Min [epp, Scaes * Ururbines (Crurbine™ €Turbine1]
€Turbine = €Turbinelt €Turbine2

SCAES = SCAES - €Turbine / Hturbine

Due to differences in the storage content between the beginning and the end of the calculation
period, errors may appear in the calculations. In order to correct these errors, the above calculation
is repeated until the storage content at the end is the same as at the beginning. Initially, the storage
content is defined as 50% of the storage capacity. After the first calculation, a new initial content is
defined as the resulting content at the end of the calculation. Such procedure is repeated until the
difference is insignificant.

CAES (Compressed Air Energy Storage)

The electricity storage facility can also be used to model a Compressed Air Energy Storage
component. The CAES component is modelled in a similar way to the pumped hydro storage; the
main difference is the fuel consumption at the electricity production stage. Consequently, one has to
specify a CAES fuel ratio, ¢caes, Which is defined as the fuel input divided by the electricity production
of the turbine, etyumine.

Please, note that in CAES, the main loss in the storage is heat loss, which occurs only during the initial
hours after compression. As a certain time usually elapses before the expansion phase begins, the
heat loss in the storage is included in the compressor efficiency definition.

The compressor is utilised in the model after calculating the heat and electricity production of the
CHP and power plants, but before reducing excess electricity by use of other means. When hydro

storage is pumped into the system, this is prioritised over the CAES plant operation.

The turbine is utilised with the objective of replacing power plant production.
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5.11. Desalination

The desalination unit is described in the model (see the input section) as consisting of the following
components:

- Fresh Water demand and storage:

- Desalination Plant including Pumps:

- Pump Hydro Energy Storage

In principle (if the fresh water demand varies) one may end up in a situation where the maximum
contribution of fresh water from desalination in combination with the fresh water storage content
will not be able to cover the demand in a given hour. Therefore to prevent this from happening, the
first calculation is the fresh water storage capacity required to ensure that the fresh water demand is
always met, which is carried out as follows:

SrresH-MIN(hour 8784) = MaX [ (deresn - Cpesaunarion) , 0]

SFRESH-MIN(hour x) = MaX [ (SFRESH-MIN(hour x+1) deresn - Coesaunation) , 0]

When operating the plant to minimize electricity excess and power alone production, one may end
up in a situation where an increase in the desalination may decrease excess electricity and there is
available capacity in the fresh water storage, but not in the brine storage. In this situation one has to
choose between one of the following two options: 1) accept excess production or 2) waste brine.
Consequently the user is asked in the input TabSheet if it is ok to lose brine. If the user will not brine
to be lost, then EnergyPLAN will calculate the minimum available content in the brine storage for
each hour in the following way.

First the minimum production of fresh water is identified for hour x (Wegesn-minghour x)) if the above

minimum content of the fresh water storage can be fulfilled. The value is equal to the demand plus
the difference in the minimum storage content in the given hour and the next:

WERESH-MIN(hour x) = degesn + (SFRESH—MIN(hour x+1) = SFRESH-MIN(hour x))

The equivalent minimum brine production is then given as:

WBRINE-MIN(hour x) = WFRESH-MIN(hour x) / SHAREggesy * SHAREggine
In order not to waste brine the available capacity in the storage in the beginning of hour x (Sgrine -

SeriNE(hour x) has to be bigger than the difference between the minimum input of brine and the
maximum capacity of the turbine:

*
SBRINE - SBRINE(hourx) > WBRINE-MIN(hourx)  PerinesToracE — CruRBINE

And therefore the maximum content in the brine storage can be found as:

_ *
SBRINE-MAX(hourx) = SBRINE ~ WBRINE-MIN(hour x) ¢BRINESTORAGE + Crursine

This maximum content represents a situation in which the desalination unit is operated accurately to
assure the necessary content in the fresh water storage at any hour. However if the desalination
plant has been used to fill the fresh water storage above, the minimum content necessary. this
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represent a situation in which the demand for minimum fresh water production is decreased. This
decrease influences the brine production and subsequently also the demand for minimum available
space in the brine storage to avoid waste of brine.

The possible reduction in input to the brine storage (ASgrine) can be found as a function of the
content in the fresh water additional to the necessary minimum content (Seresh - SrresH-min):

(ASBRINE) = (SFRESH - sFRESH—MIN) / SHAREFRESH * SHAREBRINE * d)BRINESTORAGE

As can be seen the reduction in the demand for available content in the brine storage depends on
the actual content in the fresh water storage. Consequently the requirements for the brine storage
cannot be defined on beforehand as for the fresh water storage. However the following equation can
be defined and used in the calculations below:

- *
SBRINEMAX = SgrINE - WariNe-MIN * QsrinesTorace + Cruraine
* *
- (Srrest - SrresH-min) / SHAREgres * SHAREgrine ¢BRINESTORAGE

All values except the actual content in the fresh water storage (sgresy) are known beforehand.

In the energy systems analysis on the complete energy system the desalination plant is included in
the following steps:

A

First the hourly electricity demand of the fresh water pump, the desalination plant and the electricity
production of the turbine (as calculated above) is included as input to the general energy system
analysis of rest of the energy system. Based on this, the resulting hourly excess electricity production
(eexcess) is calculated as well as an hourly production on power alone condensing units in the system

(epp).

B.
If there is excess production in a given hour (egxcess > 0) then the system will try to eliminate the
excess production in the following sequence:

1. Reduction of turbine production due to available capacity in the brine storage. (If the user

has chosen that no brine should be wasted, then the production from the turbine cannot be
below the level in which the content in the brine storage comes above the maximum value
as calculated by the formula mentioned above under initial calculations) NOT implemented
YET

2. Increase production on the desalination unit due to available capacity of the desalination
plant as well as available capacity in both the fresh water storage and the brine storage.

3. Start the pump due to available capacity in the brine storage.

C.
If there is production on the power alone units in a given hour (epp > 0) then the system will try to
eliminate some production in the following sequence:

1. Increase the turbine production due to available capacity of the turbine as well as brine.

2. Decrease production on the desalination plant, however not below the production which will
secure the necessary content in the fresh water storage for the next hour.
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Sequence B and C will be repeated once to secure the same content in the storages at the beginning
of the year as by the end of the year.

On the results printout, the values are incorporated as follows:
e The electricity demand of the desalination plant is added to “Flex & Transp.”

e The electricity demand for the fresh water pump and the hydro power pump is added to
“Hydro Pump”.
e The electricity production from the turbine is added to “Turbine”.
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6. Market-Economic Optimisation

If market-economic regulation is chosen in the input regulation tab sheet, the following optimisation
procedure is used. The model distinguishes between business economy (including taxes) and socio-
economy (NOT including taxes). Basically, the model identifies the least-cost solution of the system,
assuming an electricity market on which all plant operators seek to optimise their business-economic
profit.

6.1. Net import and resulting external market price

The market-economic modelling is based on the identification of the market price at each hour
resulting from the demand and supply of electricity. Moreover, the exact production of the various
units in which the resulting market price becomes equal to the marginal production price is
identified. Similar balance prices are found for electricity-consuming units such as heat pumps and
electrolysers.

Consequently, the following types of calculations are done continuously as an integrated part of each
of the following sequences (sections 6.2— 6.9) in the market-economic optimisation procedure.

6.1.1. Calculating the resulting market price
First, the net import is identified as the difference between the electricity demand, dr, and the

5Upp|y, €7otal:
dNet-Import = dTotaI = €7otal

drotal = de + dex + dex + deool + dpiogas + deasi + daiopetrol + Apiobiesel + deic + dgev + dvag
+ dipp-total + dien + dpz + dips + dpump + diydropump

in which dex = dexpay + dexweek + dexaweek
and dgc = deicz + deies + deier + deiem
€1otal = €pp +€RrEs + €M-cHP t €Hydro t ENuclear T €Geothermal T+ €v26 + €w t+ €cshp + €chp2 + €cHp3 + €cHpP3-MIN F€Turbine
in which eggs = €gesy + €resa + €ress + €ress
and ep.cup = em-hacHp + €M-NgascHP T EM-BiocHP

In the calculation of the net import, the production from CHP3 is divided into ecyps and ecpp3.min @S
explained in section 6.3 below.

The market price on the external market, py, is now found as follows:
Px = pi+ ( Pi / Po )* Facdepend * dNet—Import
where p;is the system market price (see section 3.3),
Facgepend is the price elasticity (DKK/MWh/MW)

P, is the basic price level for price elasticity (input),
dnet-import IS the trade on the market.
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Import is calculated as positive and export is negative, resulting in an increase in the market price in
the case of import and a decrease in the case of export.

6.1.2. Calculating the balance production

The balance production from a certain unit in which the resulting market price becomes equal to the
marginal production price is identified as an integrated part of the procedure. Here, such calculation
is illustrated by the example of the geothermal power plant.

First, the net-import, dyetimport, is calculated as well as the market price, px, as described above in
section 6.1.1, when the electricity production of the geothermal power plant is zero.

Then, the balance production is calculated as follows:

BaIancePrOdU(:tionGeothermal = - [ ( VEPPGeothermaI - Px )/(Facdepend * Px /po ) - dNet-Import]

where  VEEPgeothermal is the marginal production cost of geothermal power production
py is the market price before geothermal production (see section 6.1.1),
Facgepend is the price elasticity (DKK/MWh/MW)
P, is the basic price level for price elasticity (input),
dnet-import 1S the trade on the market before geothermal production

The formula is typically subject to the limitations on power plant capacity.

6.2. The overall procedure

The optimisation is done in the following steps:

Step 1: Electricity Market Definition

The electricity market is defined by the inputs in the Regulation tab sheet, as described in section
3.15. The fluctuations of the market prices are presented as an hourly distribution file. One can
change such prices by adding or multiplying figures, as described in section 3.15. The influence of
import/export on the external market prices is given in terms of a dependence factor (price elasticity
and a basic price level for the price elasticity).

When the business-economic best operation strategy is identified for each plant in the following, the
influence on the market price is taken into consideration.

Step 2: Identifying marginal production (and consumption) costs

All marginal production costs are calculated on the basis of fuel costs, taxes, CO, costs and variable
operational costs, as described in section 3.13. For units connected to district heating plants (such as
CHP and heat pumps), power stations and individual micro CHP, marginal costs are given in
DKK/MWh of electricity production/consumption. For storage units such as hydrogen CHP and pump
storage systems, marginal costs are given according to a multiplication factor together with an
addition factor. Basically, the optimisation criterion is the following:
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*
Psell > Pouy * fmu+ faoo

In which Psen  is the market electricity price when selling (DKK/MWh)
Pouy IS the market electricity price when buying (DKK/MWh)
fmuL is the multiplication factor (always higher than 1), and
fapp is the addition factor (DKK/MWh)

Step 3: Starting point electricity market prices

As a starting point for the optimisation, the electricity system prices are calculated on the basis of:
- the electricity demand including flexible demand (calculated as described in section 5.3)
- the production from RES (Wind power, PV etc.)

As a starting point, all district heating is defined as supplied from boilers.

Then, the sequence of optimising the individual plants is identified by the subsequent procedure.

Step 4: Optimising the buying of given hydrogen and electricity demands

The least-costs solutions of buying the minimum amount of electricity needed to meet the following
demands are identified, given the market price fluctuations and limitations on storage capacities,
etc.:

- for producing hydrogen for transport

- for charging electric vehicles

- for producing hydrogen for micro CHP systems

When identifying the least-cost solution for the hydrogen micro CHP systems, the option of
producing heat on a boiler using less hydrogen than the CHP unit is considered in situations of high
electricity prices.

In the case of smart charge EV and V2G (Vehicle to Grid) possibilities, the optimal business-economic
solutions of buying and selling are found on the basis of the multiplication and addition factors
identified in the Cost Operation tab sheet (see section 3.13).

Step 5: Optimising electricity consumption options
The following electricity-consuming options are sorted according to marginal consumption costs:

- replacing boiler with heat pumps in district heating group 2

- replacing boiler with heat pumps in district heating group 3

- replacing boiler with electrolysers in district heating group 2

- replacing boiler with electrolysers in district heating group 3

- replacing electric heating with heat pumps in individual houses
Each option is then optimised according to market electricity prices, starting with the option with the
highest marginal costs and taking into consideration the fact that each change in consumption
influences the market price (increases the price).
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Step 6: Optimising hydro power

Then, the best business-economic production from hydro power is identified taking into
consideration limitations on storage and generator capacities.

In the case of pump possibilities, the optimal business-economic solution of buying and selling is
identified on the basis of the multiplication and addition factors identified in the Cost Operation tab
sheet (see section 3.13).

Step 7: Optimising electricity production options

The following electricity production options are then sorted according to the lowest marginal costs of
production:

- Nuclear

- Geothermal

- Condensing Power plants

- Individual Ngas CHP

- Individual biomass CHP

- CHP replacing boilers in gr.2

- CHP replacing boilers in gr.3

- CHP replacing heat pumps in gr. 2

- CHP replacing heat pumps in gr. 3

- CHP replacing electrolysers in gr. 2

- CHP replacing electrolysersin gr. 3
Each option is then optimised according to market electricity prices, starting with the option with the
lowest marginal costs and taking into consideration the fact that each change in consumption
influences the market price (decreases the market price).

Limitations on transmission lines are taken into consideration by setting a limit on the production of
each unit so that the total export will not exceed the transmission capacity (if possible).

Limitations on import are calculated with regard to the condensing power plants, which will simply
be activated in the case that the import transmission capacity is exceeded.

Step 8: Optimising electricity storage (Hydro or battery or CAES storage)

The optimal business-economic solution of buying and selling is identified on the basis of the above-
mentioned multiplication and addition factors.

Step 9: Steps 3 to 8 are repeated

In order to calculate the impact on the optimisation of the consumption units after the market price
is influenced by the production options, the procedure from steps 3 to 8 is repeated.
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Step 10: Critical Excess Production

Any critical excess production is removed following the usual technical optimisation procedure of
EnergyPLAN (see chapter 8).

6.3. CHP3 minimum production

If a minimum CHP production in district heating group 3 is specified as input in the Regulation tab
sheet (see section 3.15), then such minimum capacity is treated separately from the rest of the CHP
production.

In the beginning of the optimisation procedure, the electricity production, ecups.miy, is set as equal to
the CHP3 minimum capacity, Ccrpa-min, and the heat production is calculated accordingly. However, if
the heat production at one hour exceeds the difference between the district heating demand and the
solar thermal and industrial and waste heat productions, then the heat production is reduced
accordingly.

ecnp3-min = Cep3-Min
QcHpa-Min = €chpa-Min * Pcrps / Herps
If Qchps-min > dbHs = Osolars — Ow3 — Oindustry-ons  then Acups-min = dos = Osolars = Aws — Qindustry-DH3
The CHP3 capacity is then decreased by the minimum capacity when the optimisation procedure of
section 6.8 is completed. In the end (after section 6.4 to 6.9), the two sets of productions are
combined in one resulting CHP3 electricity and heat production.

6.4. District heating supplied by solar thermal and boilers

As a starting point in each of the district heating groups 2 and 3, the boilers are defined to supply all
heating after solar thermal production and industrial and waste heat:

s = hpx = Qsolar — Qw - AcsHp

6.5. Hydrogen and electricity demands for transport and micro CHP

Least-cost solutions of buying the minimum amount of electricity required to meet the following
demands are identified given the market price fluctuations and limitations on storage capacities, etc.
- for producing hydrogen for transport
- for charging electric vehicles
- for producing hydrogen for micro CHP systems

6.5.1. Hydrogen for transport

The model seeks to minimise the business-economic costs of buying electricity to meet the specified
hydrogen demand for transport.
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First, the annual electricity demand, Drransport-n2, is calculated on the basis of the annual hydrogen
demand, Frransport-H2, (Specified in the Input Transport tab sheet, section 3.8) and the electrolyser
efficiency, ag.r, (specified in the Input Storage tab sheet, section 3.4):

DTransport-HZ = I:Transport-HZ / OlglcT

The minimum number of electrolyser production hours, h-MINg.r, is calculated as the demand
divided by the capacity of the electrolyser:

h'I\/”NEICT = round ( DTransport-HZ /CE|CT)

Then, the market price (at the present stage of the procedure, i.e., in the beginning with no
productions) is identified, as described in section 6.1. Based on these prices, the model identifies the
hours of least-cost production, i.e., the hours up to h-MINg with the lowest market prices. The
model identifies the maximum buying price, pgcr-max, if all production hours are placed at times with
the lowest possible market prices.

The model now includes the limitations on the hydrogen storage. Basically the electrolysers produce
whenever the market price, py, is below pgcrmax:

If px < Pecrmax then egr=Cgr else egr=0

Then, the hydrogen storage content of hour x, sgcr(x), is calculated:

SElCT(X) = SEIcT(X']-) + €gct * OlEcT - fTransport—HZ

If the storage content at hour x becomes negative, the model looks back from hour x to the latest
hour at which the storage was full, and identifies and activates the available hour of production with
the lowest market price. Such procedure is repeated until the storage content at hour x is no longer
negative.

On the other hand, if the storage content at hour x exceeds the capacity of the storage, the model
looks back from hour x to the latest hour at which the storage was empty, and identifies and deletes
the hour of production with the highest market price. Again, such procedure is repeated until the
storage content at hour x no longer exceeds the capacity.

Due to differences in the storage content between the beginning and the end of the calculation
period, errors may appear in the calculations. In order to correct these errors, the above calculation
is repeated until the storage content at the end is the same as at the beginning.

6.5.2. Electricity demand for transport (BEV and V2G)

In the input, electricity for transport is divided into three options. The one is specifying a fixed
electricity demand. Such demand is included in the demand, as shown in section 6.1.1. The two other
options are smart charge BEV and V2G. In both cases, the model seeks to minimise the business-
economic costs of buying electricity in order to meet the annual demands. Moreover, in the V2G
case, the model seeks to optimise the business-economic profit from buying and selling electricity to
the grid.
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When optimising smart charge or V2G, one can (in the regulation tab sheet) choose between 3
options:

- V2G regulation 1 (No limitations). In this situation, the V2G will try to optimise profits given
the external market prices (including the influence from buying and selling from the V2G
itself) without any limits with regard to grid or transmission capacities, as described in the
following. Such optimisation of profits may, however, lead to severe power plant and grid
capacity problems and bottlenecks and may cause problems to the system. Therefore, one
has the option of setting a limit on the charging of smart charge and V2Gs.

- V2G regulation 2 (Limitation: Smart Charge/V2G charge <= PowerPlant-cap + import-max -
electricity demand). In this case, charging is limited to the sum of power plant (PP) and
transmission line capacities minus electricity demands.

- V2G regulation 3 (Seeks to minimise PP max). In this case, the smart charge or V2G will try to
charge and discharge in order to minimise the use of power plants.

The starting point for the optimisation is the hourly calculation of the electricity demand (from the
grid), dy,g; the transport demand (from the battery), ty,s, and the charging and discharging capacity,
Cvag, Ccalculated as described in section 5.9. Please, note that, due to the fact that not all vehicles are
connected at the same time, the charging capacity changes from one hour to another.

Minimising cost
For the two first regulation strategies, the modelling starts by assuming infinite battery storage

capacity and identify by iteration the maximum price of buying, Pm.uby, When the difference
between charging and discharging fulfils the electricity demand for transport.

The iteration is done as follows:
First, @ Pmax.-buy Value is assumed.

If the system price is below Ppyaxnuy, the maximum charging, which will still leave the system price
below Praxbuy, is identified, as described in section 6.1.2. Such charging is then activated taking into
account limitations on charging capacity and, in the case of V2G regulations strategy 2, also the
limitations on power plant and transmission line capacities.

Then, the minimum selling price which will provide a profit is identified as:

*
Pmin-sell > Pmax-suy * fmutvag + fabpvae

If the system price is above Pyinsen, the maximum discharging, which will still leave the system price
above Pinsen, is identified, as described in section 6.1.2. Such charging is then activated taking into
account limitations on discharging capacity.

After completing the calculation of the whole year, the annual charging and discharging values are
compared to the electricity transport demand. The Ppaxbuy Value is then changed gradually until a
balance is found which constitutes the best business-economic profit, provided that the storage
capacity is infinite.

Based on this Pmabyy Value, the model takes into consideration the storage limitations in the
following way:
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The battery storage content of hour X, sy,s(x), is calculated:

Sva(X) = Svag(X-1) + dvag * Ucharger - tvag - €vag / Hiny

If the battery storage content at hour x becomes negative, the model first decreases the discharging
and then increases the charging until a balance is found.

On the other hand, if the storage content at hour x exceeds the capacity of the storage, the model
simply decreases the charging until a balance is found.

Due to differences in the storage content between the beginning and the end of the calculation
period, errors may appear in the calculations. In order to correct these errors, the above calculation
is repeated until the storage content at the end is the same as at the beginning.

Minimising PP max

For the V2G regulation strategy 3, the modelling also starts by assuming infinite battery storage
capacity. However, in this case, the model seeks to identify by iteration the PP production, PP,,.,, by
which the difference between charging (when PP is below PP.,,,) and discharging (when PP is above
PP.ax) fulfils the electricity demand for transport.

The iteration is done as follows:
First, a PP, value is assumed.

If PP is below PP, the charging is set to the difference between PP and PP, plus critical excess
production.

If PP is below PP, the discharging is set to the difference between PP and PP,,.

After completing the calculation of the whole year, the annual charging and discharging values are
compared to the electricity transport demand. The PP, value is then changed gradually until a
balance is found which constitutes the best level of PP peak productions given an infinite battery.

Based on this PP, value, the model takes into consideration the storage limitations in the same way
as described above for the cost optimisation.

Please, note that both of the strategies (minimising cost or PP max) assume that the users of V2G by
learning experience are able to identify at which price level (of PP max) they should buy. However,
they are not assumed to be able to look into the future with regard to variations in prices nor power
plant productions.

6.5.3. Hydrogen for micro CHP

The model seeks to optimise the business-economic profit of buying electricity in order to meet the
specified hydrogen demand for micro CHP and sell electricity from the CHP unit. In the model, the
micro CHP system consists of a CHP unit and a boiler supplied only by hydrogen, and consequently,
the annual hydrogen demand can vary by shifting from the CHP unit to the boiler and back again.
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Moreover, both hydrogen and heat storage can be specified, which provides for flexibility both
regarding when to buy and when to sell electricity on the market.

Then, the model identifies hour by hour the least-cost operation of the CHP unit and the boiler,
taking into account solar thermal and heat storage as well as hydrogen storage capacities, in the
following way:

Priority is given to solar thermal production

Priority is given to solar thermal production. First, the model identifies the maximum solar thermal
output given the heat demand and the heat storage capacity. As part of the calculation, the model
identifies the share of the heat storage which is occupied by solar thermal as a result of such
operation.

Boiler production is the starting point

Then, the minimum hydrogen demand, fy.nocHrtota, @and corresponding electrolyser electricity
demand, eg .y, are found in the case when the heat demand is supplied by the boiler only after solar
thermal production.

OM-H2CHP-Boiler = hM-HZCHP — Qsolar-M-H2CHP
fM—HZCHP-TotaI = qM—HZCHP-BoiIer/ pM-NgasCHP-BoiIer

eciem = Fvenachp-Total / Oleiem

The marginal price of producing additional hydrogen for the CHP unit is identified

For each hour x, the model looks back and forth and identifies a period starting with full hydrogen
storage and ending with empty hydrogen storage. For such period, the model identifies the marginal
least-cost hour of hydrogen production. Based on the market price at such houry, py, the minimum
selling price of the CHP unit which will provide a profit in hour X, pse,,is calculated as the market price
at hour y adjusted according to the multiplication and addition price factors defined in section 3.13,
in terms of efficiencies and variable operational costs.

*
Psell > Pouy * fmum-nacrp + fapo-m-tache

The CHP unit is activated if profitable and if allowed by the heat storage

The boiler production is set to zero and the minimum selling price of hour x determines whether the
CHP unit should operate. The production is identified as the minimum value of either the CHP
capacity or the production which will influence the market price to such extent that it will become

equal to the minimum selling price.

If psen < px(x) then enwackp = Cum-racre €ls€ eypacp = 0

If it is decided to operate the CHP unit, the heat storage content is identified:

132



Sm-tacHp(X) = Sm-nacp(X-1) = Nm-racp = Osolar-m-HacHP = OM-H2cHP

If at hour x, the heat storage content exceeds the capacity, the model looks back from hour x to the
latest hour at which the storage content (minus the share of the storage which is occupied by solar
thermal) becomes lower than the CHP heat production, and identifies the hour y, which has the
lowest market price. The production at hour y is decreased until the heat storage content at hour x
does not exceed the capacity.

If, on the other hand, the heat storage at hour x becomes below zero, the boiler is activated.

Identifying minimum production costs of the electrolyser

Based on the optimal hydrogen demand, Fy.pochp-ota, identified above, the electrolysers are now
optimised in the same way as the electrolysers for hydrogen production for transport. The annual
electricity demand, D, is calculated on the basis of the annual hydrogen demand, Fy.tacHp-Total, and
the electrolysers’ efficiency, agqm (specified in the Input Storage tab sheet, section 3.4):

Deiem = Fum-nacHp-Total / Oleiem

The minimum number of electrolyser production hours, h-MINg, is calculated as the demand
divided by the capacity of the electrolyser:

h-MINgev = round ( Dgew / Ceiem )

Then, the market price (at the present stage of the procedure, i.e., in the beginning with no
productions) is identified, as described in section 6.1. On the basis of these prices, the model
identifies the hours of least-cost production, i.e., the hours up to h-MINg with the lowest market
prices. The model also identifies the maximum price, pecr-max, Of buying if all production takes place
at the lowest possible market price.

Including hydrogen storage capacity limitations

The model now includes the limitations on the hydrogen storage in the same way as for the transport
hydrogen production described in section 6.5.1.

6.6. Electricity consumption of heat pumps and DH electrolysers

The following electricity-consuming options are sorted according to marginal costs:

- replacing boiler with heat pumps in district heating group 2

- replacing boiler with heat pumps in district heating group 3

- replacing boiler with electrolysers in district heating group 2

- replacing boiler with electrolysers in district heating group 3

- replacing electric heating with heat pumps in individual houses
Each option is then optimised according to market electricity prices, starting with the option with the
highest marginal costs and taking into consideration the fact that each change in consumption
influences the market price (increases the price).
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6.6.1. Heat pumps in district heating groups 2 and 3

If the option of replacing boilers by heat pumps in district heating group 2 has the highest marginal
cost, it is optimised according to market electricity prices in the following way:

First, the system price, py, is calculated and the balance production of the heat pump,
BalanceProductionyp,, is found as described in section 6.1.

Then, the balance production is limited by the capacity of the heat pump:
If BalanceProductionyp; <0 then BalanceProductionyp, =0
If BalanceProductionyp, > Cyp then BalanceProductionyp; = Cyp
And the corresponding thermal output is calculated:
Owp2 = BalanceProductionyp; * dupa

If the corresponding heat production is lower than the boiler production, the boiler production is
simply reduced accordingly:

If Que2<0qs: then Qg = 0g; - Qe

However, if the corresponding heat production is higher than the boiler heat production, the boiler
production is set to zero and the heat storage is included in the calculation in the following way:

If aue2>0qs then spuy =Spra + (Que2 — 0s2) and g, =0
If such increase in the storage content at hour x has the consequence that the content exceeds the
storage capacity ( spy > Spu ), the model looks back from hour x to the latest hour at which the
storage was empty (lower than the heat production of the heat pump at hour x) and identifies the
hour (y) at which the heat pump was producing at the highest market price. Such production at hour
y represents the best alternative to decreasing productions in order to avoid overload at hour x.

The procedure is done in the same way for the heat pumps in district heating group 3.

6.6.2. Electrolysers replacing boilers in district heating groups 2 and 3

If the option of replacing boilers by electrolysers in district heating group 2 has the highest marginal
cost, it is optimised according to market electricity prices in the following way:

First, the system price, px, is calculated and the balance production of the electrolyser,
BalanceProductiong,, is found as described in section 6.1.

Then, the balance production is limited by the capacity of the heat pump:
If BalanceProductiong. <0 then BalanceProductiong =0
If BalanceProductiong, > Cge; then BalanceProductionge; = Cee

And the corresponding thermal output is calculated:
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Jeic2 = BalanceProductiong; * peic

If the corresponding heat production is lower than the boiler production, the boiler production is
simply reduced accordingly; and if it is higher, the electrolyser production is reduced:

If Qecz<gs2 then Qs = ds2— Qe
If Qecz>qs2 then qpe=0s; and gg =0
Finally, the electricity consumption of the electrolyser is found as:

deiz = Qa2 / PEIc2

The same procedure is followed in the case of the electrolysers in district heating group 3.

6.6.3. Heat pumps in individual households

If the option of heat pumps in individual households has the highest marginal cost, it is optimised
according to market electricity prices in the following way:

Priority is given to solar thermal production. If solar thermal production exceeds the heat demand,
priority is given to the excess production in the heat storage. Consequently, the model first calculates
the maximum share of the solar thermal production which can be utilised, given the distributions of

heat demand and solar thermal production and given the capacity of the heat storage.

Then, the system price, py, is calculated and the balance production of the heat pump,
BalanceProductiony.yp, is found, as described in section 6.1.

The balance production is limited by the capacity of the heat pump:
If BalanceProduction,yp <0 then BalanceProduction,yp =0
If BalanceProduction,yp > C.yp then BalanceProduction yp = Ciyp

The corresponding thermal output is calculated:

Jirnp = BalanceProduction; yp * ¢pup
Now the heat storage content at hour x is calculated as

Siup(X) = Sinp(X-1) + drnp + Qip-solar — hinp
If the storage content goes below zero, the electric heating boiler is started:
If si.up <0 then i pp-goiler = - Si-np

If the storage content at hour x exceeds the storage capacity ( spy > Spy ), the model looks back from
hour x to the latest hour at which the storage was empty (lower than the heat production of the heat
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pump at hour x) and identifies the hour (y) at which the heat pump was producing at the highest
market price. Such production at hour y represents the best alternative to decreasing productions in
order to avoid overload at hour x.
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6.7. Hydro Power

The best business-economic production from hydro power is identified taking into consideration
limitations on storage and generator capacities. In the case of pump capacities, the optimal business-
economic solution of buying and selling is found on the basis of the multiplication and addition
factors identified in the Cost Operation tab sheet (see section 3.13). The optimisation is done in the
following way:

First, the maximum potential hydro power production, Euqr, is calculated, as described in section
3.3.2, taking into account the distribution of the water supply, the limitations on the water storage
and the capacity of the hydro power generator.

Based on this maximum hydro power production, the model identifies the minimum number of
production hours, h-MINyyqr,, as the demand divided by the capacity of the hydro power generator:

h'I\/”NHydro = round (EHydro /CHydro)

Then, the model identifies the best hours of production, i.e., the hours up to h-MINy,qr, With the
highest market prices. The model identifies the minimum production price, pPpydro-min, if all production
takes place at the highest possible market prices.

The model now includes the limitations on the hydrogen storage in the following way. Basically,
hydro power is produced whenever the market price, py, is above pygro-min:

If px > PHydro-Min then €Hydro = CHydro else eHydro:0

Such production fulfils the requirement of utilising the water supply. However, if reversal hydro
power options are specified, the model decides if the pump should be used in the following way:

The pump should only be used when the market price is at least below the minimum selling price,
Puydro-min- If, @t one hour (x), the hydro power plant is not producing (in accordance with the
procedure above on producing only in hours of best market prices), then the model looks back from
hour x to the latest hour at which the hydro power water storage was empty and identifies the
minimum price of any hour at which the hydro power was producing.

Based on such minimum selling price at hour y, psei, the maximum pumping/buying price, pgu, , Which
will provide a profit, is calculated as the market price at hour y adjusted for the multiplication and
addition price factors found in section 3.13, which adjust for efficiencies and variable pump and
turbine costs.

*
I:’Sell > pBuy fMUL-HydroPump + fADD-HydroPump

The minimum selling price is then compared to the market price of hour x, and if the market price is
higher, then the hydro power pump, duydro-pump, is activated:

If Psen < pX(X) then dHydroPump: CHydroPump else dHydroPump: 0

Now the hydrogen storage content of hour X, su,aro(X), is calculated:

SHydro(X) = sHydro(X']-) + WHydro - eHydro / lleydro + dHydroPump * (foydroPump
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If the storage content at hour x becomes negative, the model looks back from hour x to the latest
hour at which the storage was full, and identifies and deletes the hour of hydro power production
with the lowest market price.

On the other hand, if the storage content at hour x exceeds the capacity of the storage, the model
looks back from hour x to the latest hour at which the storage was empty, and identifies and
activates the hour of hydro production with the highest market price.

Due to differences in the storage content between the beginning and the end of the calculation
period, errors may appear in the calculations. In order to correct these errors, the above calculation
is repeated until the storage content at the end is the same as at the beginning.

6.8. Electricity production from CHP and power plants

The following electricity production options are sorted according to marginal production costs:

- Nuclear

- Geothermal

- Condensing Power plants

- Individual Ngas CHP

- Individual biomass CHP

- CHP replacing boilers in gr.2

- CHP replacing boilers in gr.3

- CHP replacing heat pumps in gr. 2

- CHP replacing heat pumpsin gr. 3

- CHP replacing electrolysers in gr. 2

- CHP replacing electrolysers in gr. 3
Each option is then optimised according to market electricity prices, starting with the option with the
lowest marginal costs and taking into consideration the fact that each change in consumption
influences the market price (decreases the market price).

Limitations on transmission lines are taken into consideration by setting a limit on the production of
each unit so that the total export does not exceed the transmission capacity (if possible).

Limitations on import are calculated with regard to the condensing power plants, which will simply
be activated in the case that the import transmission capacity is exceeded.

6.8.1. Nuclear

Nuclear power is optimised in the following way: If the market price goes below the marginal
production costs, the production is reduced.

The optimisation takes its starting point in the simple calculations described in section 3.3.3 in which
the production is simply determined by the capacity and the hourly distribution.

Then, the system price, py, is calculated and the balance production of the nuclear power plant,
BalanceProductionyycear, is found as described in section 6.1.

138



If the balance production price is lower than the production found in section 3.3.3, the production is
reduced accordingly.

6.8.2. Geothermal

Geothermal power is calculated in the same way as nuclear power.

6.8.3. Condensing power plants

Condensing power production is optimised simply by identifying the system price, pyx, and the
balance production of the condensing power plant, BalanceProductiongp, as described in section 6.1.

epp = BalanceProductionps,

The production is adjusted to the limit of zero and the power plant capacity, Cpp. If the net import or
export exceeds the transmission line capacity, the condensing power production is adjusted
accordingly. In such case, the domestic and the external markets are separated and the marginal
production cost on the condensing power plant determines the market price on the domestic
electricity market.

6.8.4. Individual natural gas and biomass CHP

The individual natural gas and biomass CHP systems each consist of heat storage and three
production units: Solar thermal, CHP and a peak load boiler. The peak load boiler is assumed to have
the same thermal efficiency as the natural gas or the biomass boiler of the individual boiler systems.

First priority is given to solar thermal, and the model first identifies the maximum solar thermal
output given the heat demand and the heat storage capacity. As part of the calculation, the model
identifies the share of the heat storage which is occupied by solar thermal as a result of such
operation.

The model now identifies the system price, px, and the balance production of the CHP system,
BalanceProductiony.ngascip, @s described in section 6.1. The electricity production of the CHP unit is
identified as the minimum of either the CHP capacity or the balance production which will influence
the market price to such extent that it becomes equal to the minimum selling price.

em-ngascip = Min (Cyngascrie , BalanceProductionyngascre)
The heat storage content at hour x is calculated:
sM—NgasCHP(X) = SM—NgasCHP(X'l) - hvngascHP = Qsolar-M-NgascHP = OlM-NgascHP
If the heat storage content exceeds the capacity at hour x, the model looks back from hour x to the
latest hour at which the storage content (minus the share of the storage, which is occupied by solar
thermal) becomes lower than the CHP heat production, and identifies the hour (y) which has the
lowest market price. The production at hour y is then decreased until the heat storage content at

hour x does not exceed the capacity.

If, on the other hand, the heat storage at hour x goes below zero, the boiler is activated.
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Here, the optimisation procedure is shown for the natural gas CHP system. The same procedure is
applied to the biomass CHP system.

6.8.5. CHP replacing boilers in gr. 2 and 3
CHP replacing boilers in district heating groups 2 and 3 is optimised by identifying the system price,
px, and the balance production of the CHP plant, BalanceProductioncyp.s, as described in section 6.1.
The balance production is added to the former production (if any) arising from CHP replacing either
heat pumps or electrolysers, as described in sections 6.8.6and 6.8.7 below.

€cup = €chp + BalanceProductioncyp.g,
The production is adjusted to the limit of zero and the capacity, Ccyp. If the net import or export
exceeds the transmission line capacity, the electricity production is adjusted accordingly in the same
way as for the condensing power plant.

Then, the heat storage is included in the calculation in the following way:

First, the corresponding heat production is found and the boiler production is defined as zero:

Ocrp = €chp * Perp / Merp
gs=0
Then, the heat storage content, spy, at hour x is calculated:
Son (X) = Spr (X-1) - hon + Asolar + Qindustry-bH + Gw + e + Qeic + Cene + O
Please, note that the solar thermal production is stored in its own low-temperature heat storage. The
solar thermal production included above is the resulting output from the solar thermal and the low-
temperature heat storage, which is included in the calculations together with the district heating
demand in order to determine the net input/output to the high-temperature storage.
If the content of the heat storage at hour x becomes negative, the boiler is activated:
If spy <0 then gB =-spy
If the content of the heat storage at hour x exceeds the heat storage capacity, Sp, the model looks
back from hour x to the latest hour at which the storage content is lower than the CHP heat
production and identifies the hour (y) which has the lowest market price. The production at hour y is
then decreased until the heat storage content at hour x does not exceed the capacity.
The same procedure is used for each of the CHP units in district heating groups 2 and 3.
6.8.6. CHP replacing heat pumps in gr. 2 and 3
CHP replacing heat pumps in district heating groups 2 and 3 is optimised by identifying the system
price, px, and the balance production of the CHP plant, BalanceProductioncypp, as described in

section 6.1. The balance production is added to the former production (if any) arising from CHP
replacing either boilers or electrolysers, as described in sections 6.8.5 and 6.8.7.

140



€chp = €cnp + BalanceProductioncyp.np,
The production is adjusted to the limit of zero and the capacity, Ccyp. If the net import or export
exceeds the transmission line capacity, the electricity production is adjusted accordingly in the same
way as for the condensing power plant.
Then, the corresponding heat production, qprr, which will replace the heat pump, is found:
doirr = BalanceProductioncyp.yp * pCHP/ Mchp
If such production exceeds the heat pump heat production, it is adjusted accordingly:
If doirr > Qe then qpire = ue
Thereafter, the productions of the heat pump and the CHP unit are adjusted accordingly:
OcHp = dcnp + Joirr
Aaup = Qup - QoiFr

The heat storage is not included in the calculation since the heat production is the same. Heat pump
production is just replaced by CHP.

The same procedure is used for each of the CHP units in district heating groups 2 and 3.
6.8.7. CHP replacing electrolysers in gr. 2 and 3
CHP replacing electrolysers in district heating groups 2 and 3 is optimised by identifying the system
price, pyx, and the balance production of the CHP plant, BalanceProductioncypg., as described in
section 6.1. The balance production is added to the former production (if any) arising from CHP
replacing either boilers or heat pumps, as described in sections 6.8.5 and 6.8.6.
€chp = €chp + BalanceProductioncp.gic,
The production is adjusted to the limit of zero and the capacity, Ccyp. If the net import or export
exceeds the transmission line capacity, the electricity production is adjusted accordingly in the same
way as for the condensing power plant.
Then, the corresponding heat production, qpr, Which will replace the electrolyser is found:
qoirr = BalanceProductioncpp-eic * pere / Hewe
If such production exceeds the electrolyser heat production, it is adjusted accordingly:
If doirr > Qeic then qpirr = Qe

Thereafter, the productions of the electrolyser and the CHP unit are adjusted accordingly:

Acrp = deHe + Qoirr
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Geic = Geic - doirr

The heat storage is not included in the calculation, since the heat production is the same. Electrolyser
production is just replaced by CHP.

The same procedure is used for each of the CHP units in district heating groups 2 and 3.
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6.9. Electricity storage (hydro or battery or CAES storage)

The model seeks to identify a realistic business-economic strategy for optimising the net profit of
buying and selling electricity on the basis of fluctuations in the market price and the variable
operation including fuel costs in the case of CAES. The strategy is described in section 9 as regulation
strategy no. 4.

The strategy is based on a concept which bids on the market according to the average price, paverage,
of an upcoming user-specified period (of y hours). The average price is found as:

i=x

Paverage (x) = 2 p (i) / ly)

X+y

The bid on the market occurs in such way that the price difference between the buying and bidding
prices is equally distributed around the average price. Figure 7.1 demonstrates this concept for a 24-
hour period. The centre line represents the price average, payarage, fOr the shown 24-hour period.

EnergyPLAN St4

—— Price —— Average —— Max Buying Pr. Min Bidding Pr. ‘
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Figure 7.1: EnergyPLAN St4 concept, where the average of an upcoming period, 24 hours in this figure, is used
for calculating market bidding prices.

The distance between the minimum and maximum lines represents the minimum difference
between the selling and the buying price if a profit is to be made. Such price difference is identified
on the basis of the multiplication and addition factors of CAES, as described in section 3.13.

- *
I:Multiplication-CAES =1 / (aPump Mturbine )

I:Addition—CAES = ( VOCPump + TAXPump ) / (aPump * HTurbine ) + VOCTurbine
+ ¢CAES * (PNgas + I:’Handling-Ngas + TaXNgas-CAES) * 3.6
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As a basic assumption, the market price when selling must exceed the market price when buying in
order to generate a profit, in accordance with the following formula of section 3.13:

*
Psell > pbuy FMuItipIication+ I:Addition

In which Psen  is the market electricity price when selling (DKK/MWh)
Pouy IS the market electricity price when buying (DKK/MWh)
Fmutiplication 1S the multiplication factor (always bigger than 1), and
Faddition 1S the addition factor (DKK/MWh)

The price difference is defined as:

Psen = pAverage + Poitf and pBuy = pAverage - Poiff

Consequently, the price difference can be identified as:

Paifr = [pAverager * (1 - aPump * Mturbine ) + constant ] / (aPump * Mturbine + 1)

In which the constant represents the variable operational costs (VOC) of consuming one unit of
electricity in the pump (or compressor), found as 1) the VOC of the pump, 2) the VOC of the turbine
corrected for losses in the process, and 3) the VOC of the additional fuel in the turbine also corrected
for the losses in the process:

constant = ( VOCPump + TAXPump ) + VOCTurbine * (aPump * HTurbine )
+ (I)CAES * (PNgas + PHandIing—Ngas + TaXNgas—CAES) *36* (aPump * MTurbine )
Based on the above price difference, pgi;, the operation of the electricity storage or CAES system is

defined in the following way:

The average price of the upcoming period is found as described and illustrated above and the
minimum selling price and the maximum buying price are determined:

Psell-min = pAverage + Poitr
pBuy—Max = pAverage - Poitf
The market system price, px, and the balance production of the turbine, BalanceProductionrymine, are
found as described in section 6.1. If the market system price is higher than the minimum selling price,
the turbine is activated:
If px > Pseitmin then  erurpine = Min ( Crumine, BalanceProductionrypine)
Similarly, the market system price is found for the pump, px, and the balance consumption of the

pump, BalanceConsumptionp,mp, as described in section 6.1. If the market system price is lower than
the maximum buying price, the pump is activated:
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If px < Peuy-max then dpyme = Min ( Cpymp, BalanceConsumptionpymp)

The storage content, scaes, is calculated:

- * *
ScAEs (X) - SCAES(X':]-) + dPump aPump - dTurbine HTurbine

If the storage content exceeds the capacity, the pump is reduced accordingly, and if the storage
content goes below zero, the turbine production is reduced.

The above modelling makes it possible to bypass the storage while operating the pump and turbine
at the same time, if feasible. Such situation occurs when operating a CAES plant as a gas turbine
under conditions of high electricity prices and low natural gas prices.

Due to differences in the storage content between the beginning and the end of the calculation
period, errors may appear in the calculations. In order to correct these errors, the above calculation
is repeated until the storage content at the end is the same as at the beginning.

6.10. Resulting electricity market prices (External, Domestic and
bottlenecks)

In the above-mentioned procedure, it is checked if the balance production of each unit results in a
total electricity production in the system. This will have the consequence that the export exceeds the
transmission line capacity. If such a bottleneck occurs, the production of the relevant unit is reduced
accordingly, as described in section 6.8. Moreover, it is checked if the import exceeds the
transmission line capacity, and in such case, the production of the condensing power plant is
increased.

In the case of a bottleneck, the price areas of the external and the domestic markets are separated,
and the domestic market price is calculated as the highest bidding price of the active productions
units, i.e., the marginal operational costs of the unit which created the bottleneck. In the case of
critical excess production, the domestic market price becomes zero. The external market prices are
calculated as shown in section 6.1, when applying an export equal to the capacity of the transmission
lines.

If there is no bottleneck, the domestic and the external market prices are the same.

If bottlenecks occur, a profit is made since electricity is bought on one side of the bottleneck at a
lower price than the price at which it is sold on the other side. Such profit is normally shared on an
equal basis between the TSOs on each side of the bottleneck. Consequently, half of such profit is
here included as an income in the socio-economic feasibility calculation. Such income is simply
identified as 50% of the difference between the market prices on the domestic and the external
markets.

6.11. Grid stability

In the end, the model makes sure that the grid stability requirements are fulfilled. First, the grid
stabilisation is calculated as described in section 7.3 (below). If the requirement is not fulfilled, the
production of the power plant is increased accordingly.
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7. Fuel, COz emissions and Feasibility Study (calculations)

After having optimised the operation of the various production units in accordance with either the
technical or the market-economic optimisation strategy, the model makes a number of calculations
of final fuel consumptions, CO, emissions and costs. The model also removes critical excess electricity
production in accordance with the specified strategy.

7.1. Fixed boiler production is added to the boilers in groups 2 and 3

The fixed boilers percentage of the district heating in groups 2 and 3, subtracted in section 4.4, is
now added to the boiler production. The fixed boilers percentage represents the hours at which the
CHP units of one system are not operating because of maintenance or breakdowns:

0s2 = 02 t QrixedBoiler2

The same calculation is done for district heating group 3.

7.2. Reducing Critical Excess Electricity Production

A number of measures to reduce Critical Excess Electricity Production, ecgep, can be activated, as
shown in section 3.17.3:

: Reducing RES1 and RES2

: Reducing CHP production in group 2 (Replacing with boiler)

: Reducing CHP production in group 3 (Replacing with boiler)

: Replacing boiler production with electric heating in group 2.

: Replacing boiler production with electric heating in group 3.

: Reducing RES4 and RES5

: Reducing power plant production in combination with RES1, RES2, RES3 and RES4

NOoO b wWwN R

It is possible to specify one or more numbers which will be treated in the specified order. For
example, the combination 315 activates three CEEP reductions. First, CEEP is reduced as much as
possible by option 3, then by option 1, and finally, by option 5. All 7 options can be activated in all
possible combinations.

7.2.1. Reducing RES1 and RES2

First, RES1 is reduced. The reduction potential, Redp.n, is found as follows:
Redgont = Min(epes: ; €ceep)
And new values are calculated:
€Rres1 = €Rest - Redpont
€ceep = €ceep - Redpont

Thereafter, RES 2 production is calculated in the same manner.

146



7.2.2. Reducing CHP production in group 2

First, the minimum CHP production needed in order to fulfil the requirement of stabilising the grid is
found:

€chp2-Min = [€1otal™ Stabiotal - (€Wt €wat €ws)*Stabwaste - €res1™ Stabges: - €resa™Stabres, - €ress*Stabgess

- €gesa™ Stabgresa - €chps - €Nuclear - €Geothermal = €Hydro = €Turbine - Cv26 ™ Stabyag - Cimprexp ™ Stabrrans - €pp * (1-

Stabrota) 1/ Staberp:
Then, the reduction potential, Redpont, is found:
Redpont = min(ecxp2 — €crp2-min ; €ceep)

And new values are calculated:

€cHp2 = €cHp2 — Redpont

€ceep = €ceep - Redpont
_ * /
CcHp2 = €cHp2 ™ PcHp2/ Herp2

Os2 = G2 — Redpont2 * Penpa/ ez

7.2.3. Reducing CHP production in group 3

First, the minimum CHP production needed in order to fulfil the requirement of stabilising the grid is
found:
€chp3-Min = [€1otal*Stabiotal - (w1t w2t €ws)*Stabwaste - €resy*Stabres: - €res2*Stabges: - €ress™ Stabgess
- egresq*Stabgress - €cup2 ™ Stabeupa - €nuclear - €Geothermal - €Hydro = €Turbine = €pp * (1-Stabrotal) 1/ Stabenpz

If such minimum is below the input-specified CHP3 minimum production, Ccups.min (S€€ Section 3.15),
the value is increased accordingly:

If ectpa-min < Cerpzmin then  ecupsmin = Cenpa-min
Then, the reduction potential, Redpons, is found:
REdpont = min(ecups — €chpa-min ; Eceep)
And new values of CHP and boiler heat production are calculated, as in section 7.2.2 above.

7.2.4. Replacing boiler production with electric heating in group 2
The reduction potential, Redp,t, is calculated as follows:

Redgont = Min(gs: ; eceep)
Then, the value for electric heating is calculated:
€ey = Redpont

Subsequently, new values for ecgep and qg; are calculated.
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7.2.5. Replacing boiler production with electric heating in group 3

The same calculations are made as described in section 7.2.4 above, just replacing group 2 with
group 3.

7.2.6. Reducing RES3

The potential for reducing RES3 is found in the same way as for RES1 in section 7.2.1 above.

7.2.7. Reducing power plant production in combination with RES1, 2, 3 and
RES4

This option has been added because in options 1 and 6 (reduction of RES1, RES2 and RES3), the
sequence of first increasing the power plant for stability reasons and then decreasing renewable
sources in cases of very high RES shares led to CEEP from the power station. In such cases, one can
increase the share of RES and still maintain minimum stabilisation demands by decreasing the power
plant and the RES productions simultaneously.

First, the minimum load of the power plant is calculated in the case of no RES1 at all:

€pp-No-Res = [ €Total™ Stabiotal - (€w1t €wat ews)*Stabwaste - €resa™Stabgess - €ress™ Stabress - €resa™Stabgesa
- ecup2 ¥ Stabcupy - €cHp3 - €Hydro - ETurbine - Cvag T Stabyag - Cimp/exp ™ Stabrrans] / (1 - Stabiotal)

Then, the reduction potential of the power plant is identified as the difference between this number
and the previously defined electricity production of the power plant:

€pp_pontial = €pP =~ €pp-No-Res1
The potential reduction of CEEP achieved through this reduction of the power plant production is
identified by the following factor:
factor = eceep * ( Stabrotal — Stabges: ) / (1 — Stabges:)
If such factor is lower than the reduction potential, epppontiai; the reduction potential is reduced
accordingly:
If €pppontial > factor then epp_pontial = factor
First, the CEEP is reduced by the power plant contribution:
€pp = €pp - Redpont
€ceep = €ceep - REdpont
Then, a new reduction potential achieved by reducing RES1 is found and CEEP and RES1 are reduced
accordingly:
Redpont—next = Min(eges1 ; €ceep)

€Rres1 = €Resi - REdpont-next

€ceep = €ceep - Redpont»next
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The same procedure is repeated for RES2, RES3 and RES4.

7.2.8. Increasing CO; Hydrogenation during hours of CEEP

Additional to the use of the CO, Hydrogenation plant for the production of the specified amount of
synthetic gas needed, the plant is here used for producing additional synthetic gas to the grid during
hours of excess electricity production and available capacity on the plant.

First, the relationship (FACTORcoznydro-crideas) DEtWeen the total electricity demand (Dcozmydro-sum) @and the
corresponding grid gas production (Feozmydro-cridsas) IS calculated:

FACTORCOZHydro»GridGas = DCOZHydro—Sum /FCOZHydro-GridGas
The maximum demand for increasing the electricity production is found as the hourly value of the
critical electricity production, ecgp. The maximum potential of fulfilling the demand is found as the

difference between the maximum capacity and the actual production of the CO, hydrogenation
plant:

- *
MaXpont = (Ccozmydromax * FACTORcozmydro-Gridgas ) - dco2rydro-sum

The change is then identified as the minimum value of the maximum demand and the maximum
potential

change = Min(MaXpont ; €ceep)
And new values are calculated:
dcoznydro-sum = dcoznydro-sum + Change
eceep = €ceep - Change
7.3. Grid stabilisation

The degree to which the grid stabilisation requirements have been fulfilled is calculated in the
following way:

First, the grid stabilisation demand, ds.p, is calculated on the basis of ery, Which represents all
electricity productions, as described in section 5.1:

dStab = eTotaI*Sta btotal
Then, the grid stabilisation supply, €s:.s, is calculated:

€stab = €pp + €crp2 *Stabeup - (€w1t €wat ews)*Stabwaste - €resy* Stabres: - €resa™Stabges: - €ress™* Stabress
- €gesa™Stabgesa - €cHps - €Nuclear - €Geothermal = EHydro = ETurbine - €v26 - Cv26 ™ Stabyag - Cimp/exp ™ Stabrrans

Then, the fulfilment of the grid stabilisation, GridStab, is calculated in percentage terms:

149



GridStab = est,p, / dsiap ¥ 100
7.4. Heat balances in district heating systems

Subsequently, the heat balances, hgaance, in the district heating groups are calculated:
hBaIance = hDH - hSolar - hCSHP - hCHP - hHP - hB - hEH - hElc

The heat balance is calculated separately for each district heating group.

7.5. Fuel consumptions

For various production units in the model (DHP, CHP2, CHP3, Boiler2, Boiler3 and PP), the
distribution across fuel types is stated as input (See section 3.2) divided into the following types of
fuels:

- Coal

- Oil

- Natural Gas, and

- Biomass

For transport, oil is divided into fuel oil, diesel/gas oil and petrol/JP. Moreover, fuels such as
hydrogen (or similar fuels from internal energy conversion in the system) are calculated.

For the production units mentioned above, the distribution is calculated relatively. The total fuel
consumption of each energy unit is the result of the system analyses described in chapters 6 and 7.
Given the total fuel consumption, the distribution across the four fuel types is calculated relatively
according to the input values.

If, for instance,

- the total energy consumption of the DHP unit is identified as 10 TWh, and

- the input fuel distribution is stated as follows: Coal=1, Oil=1, Ngas=2, Biomass=1
the result will be: Coal=2, Oil=2, Ngas=4, Biomass=2, Total=10.

The model can be told not to consider limitations on some of the fuel types by activating the
"Variable / Fixed" button in the input.

If, for instance,

- the total energy consumption of the DHP unit is found to be 10 TWh, and

- theinput fuel distribution is stated as follows: Coal=1, Oil=1, Ngas=2, Biomass=1
- and the button for biomass is activated as "Fixed"

the result will be: Coal=2.25, Qil=2.25, Ngas=4.5, Biomass=1, Total=10.

If all buttons are activated as "fixed", the model is told to consider all types as "variable". The model
also makes an import/export-corrected fuel account. This is done simply by using the input data for
the PP unit to adjust the import/export. In the final account, wind, photo voltaic and solar thermal
power are added to the account as a new type of fuel named "Renewable".
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7.6. CO2 emissions

When applying the CO, emission (kg/GJ) of each of the four fuel types as an input, the model
calculates the CO, emission simply by multiplying the fuel consumption by the emission data.

The model also calculates an import/export-corrected CO, emission by using the import/export-
corrected fuel account.

7.7. Balancing of Gas Grid

Based on the resulting productions of all units fuelled by natural gas together with biogas and syngas
productions based on the inputs in the Biomass Conversion tab sheet, the model calculates the
hourly consumption and production of gas to and from the gas grid, including the utilisation of the

grid storage (if specified in the input) to balance the import/export of gas.

7.7.1. (Natural) gas consumption

First, the model identifies the natural gas consumptions. Natural gas consumption of boilers in group
DH1, 2 and 3 is calculated as follows:

fe1=de1/ pe1 * SHAREgas
SHARE\g.s is the share of total fuel coming from natural gas as specified in the input.
Natural gas consumption in CHP2 and CHP3:
feupr = g cHp2 / P cHP2 * SHARENgas
Natural gas consumption in power plants (PP and PP2):
fep=epp/ Wep ™ SHARENgas
Natural gas consumption in CAES:
feaes = € turbine / § caes
Natural gas consumption in individual natural gas boilers and micro CHPs:
fm-ngas = 0 M-Ngas / P M-Ngas
fM-NgasCHP = { M-NgasCHP / P M-NgasCHP
fM—NgasCHP—BoiIer = { M-NgasCHP-Boiler / P M-NgasCHP-Boiler
Natural gas consumption in natural gas vehicles (transport):
fT-Ngas = FT-Ngas *d T-Ngas

in which d1.ngs is the hourly distribution specified in the Transport input tab sheet.
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Natural gas consumption in Industry:

1:I—Ngas =F I-Ngas *d I-Ngas
in which d g5 is the hourly distribution specified in the Industry input tab sheet.

The resulting total natural gas consumption, froaipemand, iS calculated as the sum of all the above-
mentioned fuel consumptions.

7.7.2. Biogas and Syngas production

Thereafter, the model identifies the biogas and syngas productions upgraded and supplied to the gas
grid. The hourly supply of biogas and syngas to hydrogenation is (in the present version 10) assumed
to be constant and therefore calculated as follows:

= *
fBiogas»for—HydroMethanation = FBiogas»for-HydroMethanation 1:000;000 / 8784

= *
fGasigas»for—Hydrogenation - FGasigas—for-Hydrogenation 1:000;000 / 8784

The factor 1,000,000 compensates for the fact that f is measured in MW and F is measured in
TWh/year.

Biogas production in biogas plants:

fBiogas =F Biogas *d Biogas
in which dgiogas is the hourly distribution specified in the Biomass Conversion input tab sheet.

The biogas supplied to the grid is found through an upgrade to grid efficiency after the subtraction of
biogas used for hydromethanation (See section 3.11):

- *
fBiogas—to—NgasGrid = (fBiogas - fBiogas—for—HydroMethanation) KBiogas

The annual production of syngas, Fsyngas, is calculated on the basis of the annual biomass input, Feasi.
Biomassy SUbtracted the share of biomass used for steam production:

FSyngas = YGASI * KSyngas * [FGasi—SoIidBiomass - (FGasi»SoIidBiomass * SHARESTEAM»Gasi) / )\'GASI ]
In which

SHAREsteam-casi = Annual input of steam to gasification plant in share of biomass input

Acasi = Production of steam efficiency (steam output divided by biomass input)

Yeasi = Cold gas efficiency (gas output divided by biomass input)

Ksyngas = Syngas to grid gas quality efficiency

The calculation of syngas productions from gasification plants depends on the specification of a
maximum capacity. If a maximum capacity, Cgasi.max, higher than the average production has been
specified in the Biomass Conversion input tab sheet, the exact syngas production can be calculated. If

not, the syngas production is simply calculated as the average production:

fsyngas = F syngas / 8784 hours * 1,000,000
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The factor 1,000,000 compensates for the fact that f is measured in MW and F is measured in
TWh/year.

IF a maximum capacity, Csas.max, higher than the average value has been specified, the model will
seek to use such flexibility to minimise the maximum import as much as possible in the following
way:

First, hourly imports of gas are calculated as the difference between total natural gas demands and
biogas productions:

ngas-Import = fTotaI»Demand - fBiogas»to—NgasGrid - fGasigas»for—Hydrogenation
Secondly, a maximum value of consumption, MAX is defined. In the beginning, such value is

initialised as the maximum value of fygas.import: The MAX value is used to run the following sequence
for all hours of the year:

IF MAX < ngas—Import THEN fSyngas = MIN [(ngas—Import - MAX); CGASI-MAX]
If the resulting syngas production is below the annual production calculated in accordance with the
input specifications in the Biomass Conversion input tab sheet, the MAX is raised gradually and the

above sequence is repeated until the output matches the annual syngas production.

The gasification syngas supplied to the grid is found through an upgrade to grid efficiency after the
subtraction of gasification gas used for hydrogenation (See section 3.11):

- *
fGasigas-to-NgasGrid = (fSyngas - fGasigas-for—Hydrogenation) Ksyngas

7.7.3. Gas storage

If a gas storage capacity, Cngas-storages 1S Specified in the Biomass Conversion input tab sheet, the model
will utilise the gas storage to balance the export and import of gas to and from the system. Please,
note that this means that the gas storage is only used if both export and import are positive as a
consequence of the above calculations of gas consumption and biogas and syngas productions.

First, hourly imports of gas are calculated as the difference between total natural gas demands and
biogas and syngas productions:

ngas-Import = fTotaI-Demand - fBiogas-to—NgasGrid - fGasigas—to—NgasGrid
Next, the input and output of the storage, fgas-storage, i calculated using the following sequence:
IF ngas»Import >0 THEN ngas-Storage = MIN(ngas»lmport ’ ngas-Storage-Content)

IF ngas-Import <O0THEN ngas»Storage = MlN('ngas-Import; (CNgas—Storage - ngas—Storage»Content)

After each hour, the storage content is updated:

ngas—Storage—Content = ngas—Storage-Content - ngas—Storage
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To compensate for any difference in the storage content between the beginning and the end of the
year, the above sequence is repeated until the content is the same at the beginning as at the end.
After one sequence, a new initial content is defined as the resulting content at the end of the
calculation.

7.7.4. Calculation of balance, import and export

To complete the analysis of the balancing of the gas grid, a balance is calculated together with the
import and export:

ngas—BaIance = fTotaI-Demand - fBiogas-to—NgasGrid - fGasigas—to—NgasGrid - ngas—Storage
IF ngas-BaIance >0 THEN nggs—Import = ngas—BaIance ELSE nggs—Import =0

IF ngas-BaIance <O0THEN nggs-Export = ngas-BaIance ELSE nggs-Export =0

7.8. Share of Renewable Energy

The model calculates the share of renewable energy in the system. The share is calculated as a
percentage of the primary energy supply. The renewable resource is identified as RES, hydro power,
geothermal power and solar thermal productions plus biomass and waste fuels. The total primary
energy supply is identified as the same figure added all fossil fuels. Fuels such as hydrogen or biofuel
for transport produced on waste are not included in the primary energy supply, since they are
produced from other energy resources which have already been included in the supply.

The model also calculates the share of electricity produced from renewable energy. In such

calculation, the share of biomass compared to the total fuel consumption determines the share of
CHP and power plants.

7.9. Cost

Annual socio-economic costs are divided into fuel costs, variable and fixed operation and
maintenance costs, investments costs, CO, emission costs, and electricity exchange costs.

7.9.1. Fuel costs

Fuel costs are defined as input unit prices, including handling costs multiplied by the annual total fuel
consumption. The socio-economic costs do not include taxes.

The total annual coal costs, Ac.a, are found as follows:

_ * * *
Acoal =3.6 [FCoaI—TotaI PCoaI-WM + FCoaI—PP PCoaI-HCen
* *
+ (Fcoa-81 + Feoal-cip2 + Feoal-chps + Feoal-82 + Feoal-s3 + Feoal-csip) * Pcoal-tpec + Feoalinav * Pcoal-tingv]

The costs of the remaining fuels are found in the same way.
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7.9.2. Electricity exchange costs

Electricity exchange costs are found on the basis of resulting external market prices, see, e.g., section
6.10. Import costs are identified as the hourly import multiplied by the resulting external market
price at the relevant hour. The income from export is found in the same way.

The exchange cost of fixed import/export is found in the same way as the import/export costs
multiplied by external market prices.

Bottleneck income is found as described in section 6.10 as half of the difference between external
and domestic market prices multiplied by the transmission capacity, since bottlenecks only appear
when the transmission capacity is fully exploited.

7.9.3. Variable operational costs
Annual variable operational costs are identified as the cost per unit (of section 3.14) multiplied by the

relevant production. E.g., the operational costs of boilers are found in the following way:
Avocsoiler-on = (€p1 + €82 + €83) * Pyoc-soiler-oH

7.9.4. Fixed operation and maintenance and investment costs

The fixed operation and maintenance costs as well as the annual investment costs are found already
in the investment/cost tab sheet (see section 3.15).
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8. Output

The output can be shown and/or exported from the model in the following ways: View on the screen,
Print or see in Graphics.

EnergyPLAN 10.1: Startdata
File Edit Tools Help

FHERS

Frontpage | Input = Cost | Regulation | Output | Settings

Overview | Screen | Graphics

V|ew on Scree M. Toview results in clipboard press button above.

Ta design which results to view chose "Screen' window.

Prl nt To print results press button above,

Additonal print page: | Yes

G ra p h | Cs: To view results in graphic choze "Graphics' window.

Run serial calculations to clipboard:

To run zeries of calculations and save main results set the following button to "'On'" and chose input and output below: O

D efine input M input Chose number of calculations [masimurm 11]: 1

gt walues 0 0 0 a a a 0 0 0 a a
Define autput CEEF Twh/year

Start caloulations ta: Clipbrd

Start calculations bo: Az

8.1. The screen function

Results can be viewed on the screen.

EnergyPLAN 10.1: Startdata

Input | Cost | Begulation | Output | Settings

Owerview | Screen | Graphics
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The function can be activated by clicking on the icon called "view clipboard" in the upper line of the
main display of the programme. When activating this facility, the programme will start calculating
and then open a text file in which the results are shown.

Results - Ox
VdG Fre Load Hours = u -

ANHUAL COSTS

Total Fuel = 0 Million SEE
Coal = 0 Million SEK
Fue=lOil = 0 Million SEK
GazoilsDiesel= 0 Million SEK
PetrolsJP = 0 Million SEK
Hgas = 0 Million SEE
Eiomass = 0 Million SEE
Food income = 0 Million SEK
Vaste = 0 Million SEK
Haginal operation costs = 0 Million SEE
Total Electricity exchangs = -1594 Million SEE
Inport = 0 Million SEK
Export = 0 Million SEK
EBottleneck = —1594 Million SEK
Fized imp-ex= 0 Hillion SEK

=

Total CO2 emission costs = Million SEE

=

Total Ngaz Exchange costs = Hillion SEE

Total wariable costs = —1594 Million SEEK

o

Fixed operation costs = Million SEE

o

Annual Inwvestment costs = Hillion SEK

TOTAL ANNDAL COSTS = ~1594 Million SEK
slec.  elec dem Fixed district wind BV Vave River Hydra  Hydro  Hydro  Hy
demand cooling Exp/Imp heating  power power  hydro  power  pump storage Wa

TOTAL FOR OWE YEAR (TWh-year)
z0.00 0,00

Annual . 0.00 20,00 2.07 1.04 0.00 0.00 0.00 0.00 0.00
MONTHLY AVERAGE VALUES (MW}

January 2573 0 a 3856 315 157 a 0 a 0 0
February 2546 0 a 3644 300 150 a 0 a 0 0
March 2450 0 a 3140 237 119 a 0 a 0 0
April 2159 0 a 2346 222 111 a 0 a 0 0
May 2107 0 a 1538 219 110 a 0 a 0 0
June 2048 0 a 1124 189 a5 a 0 a 0 0
July 1867 0 a ai3 144 72 a 0 a 0 0
Augqust 2148 0 a 946 166 83 a 0 a 0 0
Septenber 2204 0 a 1333 212 106 a 0 a 0 0
October 2287 0 a 2072 211 105 a 0 a 0 0
Hovenber 2471 0 a 2923 201 161 a 0 a 0 0
Decenber 2472 0 a 3622 320 160 a 0 a 0 0
Average 2277 0 il 2277 236 1ie il 0 il 0 0
Mazimum 3512 i] il 4049 990 495 il i] il i] 0
Hinimum 1141 il 820 il il il il il il 0

All calculated results of each unit in the system can be shown both on an annual and a monthly basis.
Moreover, one can see each hourly value. The user can define the results to be shown in the
"Screen" window in the EnergyPLAN model. All hourly data for all calculations are available.
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EnergyPLAN 1 tartdata

File Edit Tools Help

FHERS

Frontpage | Input | Cost | Regulation | Output | Settings

Overdew | Screen | Graphics

Change all to No

RES: Renewable Eneigy Sources

CHP: Combined Heat and Power

CSHF: Combined Heat and Steam Production [ndustrial CHP)
DHP: District Heating Plant

HF: Heat Pump

EH: Electric Heater

ELT: Electrolyser Show Annual Costs

Shaw total yearly values: es Shaow monthly values: | Mes
Show hour values: Ho Frorn Start hour. ToEnd hour
‘ez | Electrcity Demand Yes | Storage2 ‘es | PP Elec. production
YYes | Fixed Exportd|mpart “Yes | Heatbalance gr. 2 “es | Muclear
Yes | District Heating “Yes | CHP3 Heatproduction “es | Pump consumption
ez | RES [electicity] “fes | HP3 Heatpraduction s | Turbine production
‘ez | Hydro Power Yes | Bolerd Yes | Pump storage
Yes | Solar Thermal “es | EH3 Heatproduction “es | Electrolpser gr2
Yes | CSHP Heat Prod. “Yes | ELT3 Heatproduction ‘s | Electrolpzer grd
ez | DHP Heat Prod “es | Storage3 “ag | EM andW2G [ansport]
‘ez | CHPZ Heatprod. Yes | Heatbalance ar. 3 “Yes | Stabllisation Load %
Yes | HP2 Heatprad. “Yes | Flexble Elec. demand Yes | Impart
‘Yes | Boiler2 “Yes | HP Elec. consumption “Yes | Export
ez | EHZ Heatproduction “fes | CSHP Elec. production
ez | ELTZ2 Heatproduction “fes | CHP Elec. production “fes | Geothermal Heat production

El=Yes Heat=Mo

es

CEEP [Critical Electricity Excess Production]
EEEP [Exportable Electicity Excess Production]
Mordpool price

harket prices

Impaort paymant

Export payment

AddExpart payment

Individual Heat

Individual electricity

Individual H2

Transport H2

Eldemand for cooling

Gaz gid demand and balance

Dezalination
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8.2. The print

Results can be printed in an A4 version defined by the model.

EnergyPLAN 10.1: Startdata

File Edit Tools

FHE{ S

Frontpage | |npu

Pozt | Regulation | Output | Settings

Owerview | Screen  Graphics

The function can be activated by clicking on the printer icon in the upper line of the main display of
the programme. When activating this facility, the programme will start calculating and then send a
print to the printer.

One can choose to add an additional page of specifications by clicking on “Yes” in the output
overview tab sheet, as shown below. In such case, two pages will be printed in stead of one.

EnergyPLAN 10.1: Startdata

File Edit Tools Help

FHERSE
Frontpage | Input | Cost | Regulaion | Output | Setings

Overview | Screen | Graphics

View on Scree N Toview results in clipboard press button above.

To design which results to view choze "Screen' window.

Print: T priftt restilts pigae
Additonal print fgage:

Examples of prints are shown on the next page.
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Input IDA2030 The EnergyPLAN model 9.0
Elechicity demand{TWhy=ar.  Flaxble demand 270 Capaciiies Efclencles Feguiaion Strabegy:  Market reguation NEW | Fusl Frice kvel:
Fixed demand 2085 Asedimpicp, 0,00 Group 2 MW-2 Mls  dec. Ther COP KEGL requiation 234 —
Electric heating 0,00 Transportation 0,00 CHP 1945 171 047 041 Mnimum Stabliation shars 000 Capacities Storage EMclencles.
Elestic cooling 0,00 Tatal 2320 Heat Fump 160 628 2,50 Stabilisation share of CHP 000 MW-e GWh elec. Tner.
Boller a4 086 Mrimum CHE gr 3 load oMW Pyro Pump: o 0%
District haating { TWheyear) Gr.1 Grz &3 Sum Group 3 Mnimum PE oMW Hydro Turkine: Q 0,85
Disirict heating demard 288 1288 2477 anE2 CHP 2500 2433 046 045 Elecirol. Gr.z o 0 o073 o0
Heat Pump mazimurm ehars 0,50 -
Solar Themal 1% 138 0@ 224 Heat Pu a0 1050 250 Elecirol. Gra: o 0 o072 o0
o P e Maximum Importexport 2500 MW .
Usial CHP (CSHP) 0 000 265 256 Boller 7574 08 Electrol. frans.: o 0 o7
Demandafter slarand GSHF 171 11,60 2161 2473 Condensing 7578 0,80 Disht Mame ©  Prica_DICV_2006 ikt Ely.MicoGHF:  © 0 073
—— - Addition facior 90,00 DKICMWh CAES fud ratia: 0,000
Wind 4dEd MW 1263 TWhyear 000 Gid Heatslorage: gre: 40 GWn gre 10 Gwn Mutiplication factor 0,567 pe PR —
ffshors Wind 600 MW 1067 TWhyear 000 shbik FieedBoller: gr2: 26 Perosnt gra: 10 Percent | pepangsncyfackr 002 DKOMwhpr pw | (TWVDYSaN  Cod gae Blomass
Fhicto Vollale GE3 MW 08 TWhysar 000 safion Elechiclly prod from  CSHP  Waste (TWhyear) Average Matket Price 457 DKIZMWN Trasport 000 3841 00 1,70
W ave Fowar 400 MW 141 TWhyear 000 shae ari: B00 00 ! Household 000 006 010 113
Hydres Powar 0 MW o TWhysar are 000 nge Industry 051 428 255 254
Geotharmal/Mudear 0 MW o TWhiysar Gra 122 158 Warkus o0 838 923 000
Output WARNING!!: (1) Critical Excess;
Disiict Healing Elecirizily Excharge
Cemand Frodustian Consumption Produstion Balanca
Dietr, Wasles Ba- |Elec. RAexd Elec- Hydre| Tur- Hy-  Geo- Wastes Stab I;:"m"[m
neating | Solar CSHP DHP CHP  HP  ELT Bolkr EH | lanoe demand Transp.HP frofgssr EH Pump|bne RES oo thema CSHP CHP PP | Load Imp  Exp  CEEP EEP
MW [ MW MW MW MW MW MW MW MY | MW | MW MW BMW MW MW MW | MW MW MW MY MW MW MY | % MW MW MW MW | Millon DK
Janary 6921 147 1478 445 2471 1437 0 Bm 0 -z|28d49 1081 ea8 0 101 o 0 289 0 0 443 2582 201 100 110 1448 O 1446| 2% 354
February 7061 209 1476 381 1888 1801 0 188 4 10| &R 12 700 o1 0 0 87 0 0 443 He8 & 100 66 1561 o 58| 15 21
March 6142 350 1478 28 1726 14006 0 &0 0 1|2 1884 846 0 2 0 0 SW7 0 0 443 178 182 100 72 1005 O 1006( &7 240
Apeil S091 E29 1478 170 1858 982 0 308 0 37 223 60 43 0 0 © 0 2670 0 0 443 1733 8 100 7 76 O WS[ 19 418
May 4180 557 1478 62 105 S8 0 86 4 928|269 17 ¥3 0 4 © 0 272 0 0 442 1085 630 100 323 1809 32 1877 | B3 241
June =0 471 14e0 17 EeE 1N 0 BB 7 256|208 4% 47 o 7 0 0 2864 0 0 4465 283 981 100 B9 2@ 54 1848 | =2 452
ity =) Bl 148 17 A2 80 0 &0 5 20|12 AM 2 0 5 0 0 2082 0 0 447 70 153 100 116 1940 35 1906 @ 491
August mE) 484 1488 17 24 1 0 BB B -20|2N B® 48 0 & O 0 269 0 0 447 240 1525 100 76 2017 68 1048 | 19 434
Sepember 2167 457 1478 23 G674 487 0 &2 6 -23|2O 8@ 6 0 6 O 0 2640 0 0 443 FI0 1403 100 0 2406 33z | 0 554
Colber 4269 320 1478 160 1068 1030 0 166 Bl 66|24 647 4@ 0 & o 0 B 0 0 448 1124 79 100 16 @Ziee 83 zim| 2 421
Mowember E375 165 1478 355 1612 1208 0 696 2 -0 |I544 90 ESB 0 2 O 0 3584 0 0 442 1880 34 100 32 1869 118 ] 427
December E251 U3 1478 M8 2207 124 0 RIS 0 -3[2545 062 S8 0 2 O 0 2644 0O 0 443 N2 10 100 59 13m0 1m8| 12 20
Averap 4524 39 1473 155 124 &5 00 445 25 0 -2|zM4 BF 3w 0 0 0 0 M6 0 0 0 444 1320 574 100 103 1785 23 i7a@| Average price)
Madmum 11468 2850 1478 B35 480 1576 0 4671 800 O7SD [ 2615 o785 7B 0 1344 O 0 TEE 0 0 484 4445 7505 100 2500 4077 ISPT 2500 |  (DKKMWh)
Miimun 2172 0 128 18 © 0 @ 0 o0-eT|1174 o o o o o o =z o 0 42 ©o 0 0 0 0 © 0| 38 214
Tutal for the whale year Mlllon DKK
TWihyear 4062 324 1284 171 M1 TEE 000 391 04 -002 (2080 75 348 000 022 000 000 2561 000 000 390 1160 50 081 1541 020 1521 | 207 4843
FLEL BALANCE (TWhiyear): Imp/Exp Corrected | GO2 emlssion (Miy:
DHP CHP2 CHP2 Bollr2 Bolera PP GeoNu.Hydro  Elc/gss Wask CAES Wind  Offsh. PV Wawe  SolarTh. Trarep. housen. Industly Varcus  Total | ImpEsp Natio Tatd  Netb
coal PO A TR TY - - - omez - - - - - - - - - - - - og - 2Bt |-m4s 108 862 038
il 010 006 0F 0i0  oi0 oFE - - - - - - - - - - 41 004 429 BE a7 | -0@1  B2sT 1425 1400
N.Gas 0F 206 215 102 0i6 08 - - - - - - - - - - - 0@ 28 8 1860 | 288 1602 age a2
Blomass 120 241 172 241 03 04 - - - fm - - - - - - 170 0@ mEd - 4EEE | 125 448 1@ om
Renswabls - - - - - - - - - aFs - 1282 1067 080 141 540 - - - - m47e | 000 @479 000 000
He &t - 0 000 00 DEo - - - - - - - - - - - - - - - o | oo oo 000 000
Muclear - - - - - - - - - - - - - - - - - - - - am | o000 o 000 000
Total 181 485 2086 352 O 1004 - - - 1487 - 1262 10T 080 141 540 4111 1,04 mME TE TS | -ZBE 143,08 T 1785
23-november-2010 [15:08
QOutput specifications IDA2030 The EnergyPLAN model 9.0
District Healing Produstion ;
Gri Gr.2 .3 RES spedficalion
Ciskict Disirit stor- Ba | Diskt stor- Ba RES1 FESZ RES RES4 Toll
neating Solr GSHP DHP | healng Solar CSHP GHP HP ELT Boler EH  age lance | healing Solar GSHP GHP HP ELT Boler EH age lanc2 | Wind Offsho Pholo'Wawe| er
MW MW MW MW | MW MW MW MW B MW MW MW MW MW [ MW MW MW MW MW MW MW MW MW W MW MW MY MW MW
January 504 B9 0 A48 | 296 61 395 447 B 0 838 0 706 0| 421 27 1164 2024 91z 0 105 0 4440 -2 108 1111 24 161 2599
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Apl a & o 70| 1616 2 226 e G602 0 521 -E6| 2105 100 1164 1267 466 0 2@ 0 WS -0 11 fi@ 182 115 =T
Mgy a5 241 0 B3| 1mE 240 2085 208 48 0 3 217ED | 2640 06 1154 TET 467 0 2 2 4@ 13 1F0 1117 2% 07 @A
dune 72 488 0 47| 748 20 @26 26 B8 0 A2 4 437 5| 430 9 113 1w M 0 26 3 27 -2 135 122 175 100 2ES4)
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TWhyear 2,85 126 000 171| 1288 129 285 1M 330 000 338 0@ 000 | 2477 0A1 1008 920 430 000 052 001 o2 1263 1067 080 141 258
DHP aGHPZ PP Indk  Trans nou. DemapEic-  Syn Stoe Sum  Ime Ex-
ANNUAL COSTS  (Millon DKK) Bollers GHPZ CAES vidual port var  Sum gas s ape port  part
Tokal Fugl = a7oma MW MW MW MW MW MW MW MW MY MW MW MY MW
g”‘a.'o" - z“g; Jawary 415 865 a4 18 0 13di @ o 0 0 Z6E eE O
GL;jl,Db;H g February 521 €08 6 17 0 1341 2482 © 0 0 292 24 O
P . 1eean March 33 B@ B 14 0 184 28 0 0 0 N6 268 0
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?;:ﬁ - ;“’523 hay ® 413 W 7 0 i3 @2 0 0 0 1812 1M2 O
Food Imocne o dune = 187 18R 1 o 1341 1888 0 0 0 1699 1888 ©
wﬁsm = o duy = 152 2ee i o i@ s @ 0 0 778 iTs @
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8.3. Graphics

Results can be shown graphically and exported by the clipboard function.

By activating the Graphics tab sheet, the results are illustrated graphically on the basis of the hourly
values.

Three choices are offered by activating the buttons in the upper left corner of the button section: the
electricity balance, the district heating balance, and the grid gas electricity demand. For district
heating, one can choose to see either one of the three groups or a sum of all of them. Three
diagrams are shown for each of the items.

The diagrams can be shown either for one day, three days, one week, one month or the whole year.
The diagrams can be shown either in colour or as monochrome (black and white).

The results can be shown for all periods of the year by activating the two buttons "Forward" and
"Back".

Also, the diagrams can be exported by clicking on the "clipboard" button located in the upper right
corner of each diagram.

[
x

EnergyPLAN 10.1: Startdata =
File Edit Tools Help

FHERE

Frontpage | Input | Cost | Regulation | Output | Settings

Overview | Screen | Graphics

Electricity Demanch: Week in January | C"I:"anld | Electricity Production: Week in January | Clipboard |

20 40 60 a0 100 120 140 160

20 40 60 a0 100 120 140 160

B Consumption B Flex W HP B CHP B RES12 M RES34 W PP+ Storage
W Electrolysors Storage Export Impart
Electricity Balance: Week in January | Cliphoard ‘
4,000 T T T T = T
| Electricity ‘ | Week ‘ ; H
| Back ‘ | Farward ‘ !
z
£ 2,000

‘ Donel ‘

| Color --» Monociome ‘

20 40 B0 B0 00 420
W ExpEEER W Exp CEEP M Import |

CHP: CHP in group 2 and 3 + industrial CHP, micro CHP and CHP A aste
RES12 Renewable Energy Source 1 and 2

RES34: Renewable Energy Source 3 and 4

PP+: PowerPlant{PP+PP2] + Nuclear + Geothermal + Hydro Power
Storage: Electricity production fom storage plus from Transport [¥2G)

Electralysors: H2 production and CO2 sequestration for hpdrogenation

Diagram 6: Example of graphical presentations of results
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9.4 Run serial calculations function

Run serial calculations to clipboard:

Torun zeries of calculations and gave main results get the following button ko "0 and chose input and output below: Off

Define input M iriput Choze number of calculations [masimum 17]; 1

(Lt values a 0 1] a 0 1] a 0 1] a 0
Define output CEEF Twhiyear

Start caloulations ta: Clipbrd

Start calculations to: Al

Moreover, the output tab sheet makes it possible to run series of up to nine calculations by
activating the “Run series calculations”. The calculations are started be activating either the “Clibrd”
or the “Ascii” buttons. In the first case, the results are put into the clipboard and can be exported to
any Windows programme such as Word or Excel by the Ctrl+V function.

Before starting the series calculations, one must

define which input parameters are to be changed by activating the “Define input” button
define how many calculations are to be carried out by activating the “series number” button
define a value of each input by stating inputs in the “input values” column, and

define which output parameter one wants to save in the Clipbrd/Ascii function by activating the
“define output” button.

8.4. Export Screen Data to Clipboard and e.g. Excel

The same results which are shown in the screen function (defined by the user as described in section
8.1) can also be exported to the clipboard and thereby to, e.g., Excel.

This is simply done by setting the run serial button at “Off” and activating the clipboard function in
the Output overview tab sheet:

Run serial calculations to clipboard:
To run zeries of calculations and save main rezults set the following button to "0n' and choze input and output belo °

Drefine input Mo irput Chose number of calculations [maximurn 11]:

(Lt values a 0 a a 0 a a 0 a a 0
Define autput CEEF T'wih/year

Start calculations t

Start calculations to: Al
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9. Business optimisation of CAES plants

In general, the EnergyPLAN model has a focus on system analysis, i.e., the analysis of national or
regional energy systems. However, the model also enables a business-economic analysis of individual
plants in the case of electricity storage systems with a special focus on CAES (Compressed Air Energy
Storage) plants.

The business-economic analysis can be done by activating the button “Advanced CAES” in the Input
Storage tab sheet. The tab sheet will look like shown here:

EnergyPLAN 10.1: Startdata o O] &3
File Edit Tools Help

ZHERE
Frontpage | Input | Output | Settings | Regulation | Cost

ElectriciyDemand | DistrictHeating | RenewablsEnergy | ElecStorage | Cooling | Individusl | Industry | Transport | Waste | Biomass Conversion | Synthetic Fusl | Desalination

Electrolysers and electricity storage systems

Electrolysers Capacities Efficiencies Hydiogen Storage
e Mlts fuel DHg2 DHad
CHP and Boilers in Group 2 0 0 0.5 01 0 Giwh
CHP and Bailers in Group 3 ] i i} 0,1 0 Gwh Electro-
Ha storage e
Trangpart and Syntetic Fuel 1} 0g8 1] o 1] Giwh L A
Micra CHF ] 0s 0 Gwh
hnalogies or similar)
Capacilies Efficiencies Fuel Riatio | Storage Capacily Electricity
Pump/Compressor g 08 i} storage
0 0.3 0 (e system
urbine -
b
Allows for sirmid jon of burbine and pump: N
| AdvarecaCaEs| Calcua. Strategy 6 Optimal strategy
Compressor vanable operation costs [DEK./Miwh) 0 y
Compreseor taxes [DKK/Mwh] 1] Wltg 2 e [
Turbine wariable operation cost [DEK/Mwh) 0 come electicity (MOKK] price
MNatural Gas price [DKKAwh]: 100 AR (Y . pr!ce
Cost compressor operation [MOKK) price Nondctive
I arket sverage price [DKEMwh): 24F  Cost compressor Taxes price
Cost turbine operation [MDEK] price Turbine Market volumen Limits: Change distribution| const et
Cost natural gas [MDEK] price

WValue of storage diff (MDEK] Compressor Market volumen Limits: | Change distribution| const

Met income [MOKK]

price

off
Allaw far simultanecus operation of turbine and pump: ex

MaNgorage (EWh]

The main technical input variables can be defined in the area marked in red. Such input variables are
already described in chapter 4.4.

The main financial inputs are shown in the lower left area marked in yellow. Except from the fuel
costs, the inputs are imported from other tab sheets. The pump and turbine operational costs reflect
the variable entered in the Cost Operation tab sheet, whereas the average electricity price reflects
the average of the price time series entered in the Regulation tab sheet.

The main operational results are shown as output in the lower middle part marked in blue. These

results include electricity consumption and production costs, operational costs, fuel costs, the net
income, and the maximum utilised storage capacity. Besides, certain strategy-specific variables are
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entered in the box above this area. For example, the maximum number of iterations in strategy 6 and
the projected period in strategy 4 are entered in this area.

In the upper part of the area marked in blue, one can choose between the following three operation
strategies:

- Strategy 4: Practical prognosis strategy

- Strategy 5: Practical historical strategy

- Strategy 6: Optimal Strategy (Theoretically optimal solution)

Strategy 6 identifies the theoretically optimal strategy, i.e., the strategy which will identify the
highest possible net operational income of a year given the specified input. The two other strategies
represent practicable solutions.

9.1. Theoretically optimal strategy
The method used for identifying the optimal operation strategy is the following:

The key principle is based on the fact that in order to make a profit, the market price of selling, Py,
must be higher than the marginal cost of producing one unit of electricity, MCproq:

Mcprod < I:’Sell

The marginal production cost is defined by the marginal operational cost, the natural gas price, and
the price of buying electricity for the compressor. MC,q, is found by applying the following formula:

Mcprod = IDNgas * MNratio + Mct + [(Pbuy + Mcc) / (nc * Nt )]

In which

- Mcis the compressor efficiency

- 1 is the turbine storage efficiency defined as the power output per unit of energy storage input.
- Mratio IS the fuel ratio defined as the fuel input to the turbine per electricity output

- MC, is the variable operational cost of the compressor

- MC;is the variable operational cost of the turbine

- Pngas is the natural gas price

- Pyyy is the price of electricity for the compressor.

At some hours with very high electricity prices, it may pay to bypass the storage while operating the
compressor and the turbine at the same time. Such operation is included in the strategy and allows
the compressor and turbine to operate simultaneously during the same hour, in case the storage
reservoir is empty.

The optimal operation strategy aims at finding the maximum theoretical operational income given a
deterministic annual electricity price time series. The algorithm can be summarised by repeating the
following 7 steps:

1) Identify the hour with the maximum electricity price (MAXhour) in the spot market price series.
Such hour is given priority when operating the turbine. (In the following iterations, hours already
identified are disregarded and the hour of the remaining maximum price is used).
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2)

3)

4)

5)

7)

Identify the storage boundaries around MAXhour. Running the turbine at MAXhour will have to
be compensated for by running the compressor in such a way that the storage boundaries are
not compromised. In this step, the hours before and after MAXhour are examined. In the time
period after MAXhour, the storage must be charged before the storage reservoir is empty.
Similarly, in the time period before MAXhour, the storage reservoir must be charged when it is
full. Consequently, the period between the last hour of full storage before MAXhour and the first
hour of empty storage after MAXhour is identified. This range constitutes the time space in
which recharging/discharging is possible. The range can very well constitute only the MAXhour
itself, in which case the plant may operate in the bypass mode.

Identify the minimum electricity price within the range defined in step 2. Such hour is given
priority when operating the compressor. (In the following iterations, hours already identified are
disregarded and the hour of the remaining minimum price is used).

Calculate the marginal operational cost (MC,,,q) based on the minimum price (Py,,) found in step
3. The marginal production cost (MC,4) is calculated according to the equation described above.
If the maximum electricity price (P ) found in step 1 is higher than the marginal production cost
(MCproq), the calculation proceeds to step 5.

Determine the “operation bottlenecks” in the range between the maximum and minimum
prices. In the case that one hour of compressor operation is compensated for by exactly one
hour of turbine operation, there is no bottleneck. Otherwise, the turbine and/or the compressor
may have to partly load and the bottleneck is identified as the minimum of the following 4
considerations:
a. Auvailable turbine capacity at the maximum price hour.
b. Available compressor capacity at the minimum price hour.
c. The minimum free storage space if the compressor operation takes place before the
turbine operation.
d. The minimum storage content in case the compressor operation succeeds the turbine
operation.

Operate the turbine at the hour of maximum price and the compressor at the hour of minimum
price by the capacity determined in step 5 and update the storage content. In the case that the
turbine has reached its full capacity, the hour is disregarded in the subsequent iterations. The
same is the case if the compressor has reached its full capacity.

Iterate back to step 1 until the period of one year is completed.

To illustrate the algorithm of the strategy, an example is shown in diagram 10.1 for a CAES plant
comprised by a 216 MW compressor, a 360 MW turbine, and a 1478 GWh storage. In such system,
the rates of air compression and expansion are equal. This permits an equal number of compression
and expansion hours, and such case is presented here for illustration purposes. The algorithm is,
however, capable of dealing with unequal compression and expansion rates.

Diagram 10.1 shows the Nord Pool 2005 electricity prices (upper diagram) used in the simulation of
the CAES plant operation during various iterations (the next three diagrams). After the first iteration,
it is seen that the maximum price is reached around hour 4000, and the turbine is operated during
that hour. The compressor is operated during the minimum price hour (in this case hour 32) within
the time range that does not violate the storage constraint (in this case all hours before hour 4000).
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After 18 iterations (next diagram), the turbine is operated at the 18 hours with the highest prices,
while the compressor operates at the 18 hours with the lowest prices. In year 2005, the lowest price
hours were concentrated at the beginning of the year.

After 100 iterations (last diagram), the CAES plant operation is distributed throughout the year, as
the price maximums and minimums are utilised. Please, note the correlation between the operation
hours and the electricity prices at the top of the figure. The simulation continues until all hours with
feasible operation prices are utilised.
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Diagram 10.1: NordPool electricity prices for 2005 and CAES plant operation after various iterations in the
EnergyPLAN strategy algorithm.
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9.2. Practical operation strategies

In practice, CAES plants will not be able to implement the above-mentioned optimal operation
strategies, since the fluctuations of spot market prices in future hours and days are not known for a
whole year. However, the EnergyPLAN model includes two additional strategies, which can be

implemented:

- Practical historical strategy, in which decisions on buying and selling electricity are based on the
knowledge of the average price over some historical and future period. For example, for strategy
5, if 24 hours is the “Average Period”, then the simulation uses 11 historical hours, the present

hour, and 12 future hours.

- Practical prognostic strategy, in which buying and selling electricity are based on the average
price of the coming hours, e.g., 24 hours. Such a strategy requires the presence of good price

prognoses.

The prognostic strategy is based on the concept of bidding on the market according to the average
price of an upcoming user-specified period. The bid on the market occurs in such way that the price
difference between the buying and bidding prices is equally distributed around the average price.
Figure 4 demonstrates this concept for a 24-hour period. The centre line represents the price average
for the shown 24-hour period. Based on that, the distances to the two other lines are calculated.

EnergyPLAN St4

—— Price —— Average —— Max Buying Pr. Min Bidding Pr. ‘
320
— 310 /\ A
£ oo / 7\
) I A—— N
% 280 / \
L 270
T 60 |~ \
250 — T T T T T T T — T
1 3 5 7 9 11 13 15 17 19 21 23
hour

Diagram 10.2: EnergyPLAN practical prognostic concept, where the average of an upcoming period, 24 hours in

this figure, is used to calculate the market bidding prices.

The distance between the minimum/maximum lines and the average price, AP, can be calculated

analytically using the following equation:
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P(L—nen; )+ K
1+ncm;

AP =

Where P is the average price over the given period and K is a constant that includes the variable
operational costs and fuel costs:

K=MC+ Ne Nt (nratio * PNgas + Mct)

It is noted here that the price average, P, is a flexible average and is updated on an hourly basis, as
opposed to a fixed average over the specified period. This implicitly assumes the ability of the system
operator to update market bids on an hourly basis. Again, the bypass of the storage at hours with
very high electricity prices is included in the strategy and allows the compressor and turbine to
operate simultaneously during the same hour, in case the storage reservoir is empty.

The practical historical strategy is similar to the prognostic strategy with the only difference that the
average price is based on the previous 12 hours and future 12 hours instead of a price prognosis for
the upcoming 24 hours. Also, the define your own strategy operates in the same way except
decisions on buying and selling electricity are solely based on the knowledge of a user defined
number of historical and future hours. Firstly, the number of historical hours to use is specified and
secondly, the total range of hours to use is defined. For example, in the figure below, the simulation
uses the 10 hours before the present hour and considers a 24 hour range. Hence, decisions are based
on 10 historical prices and 13 future prices (including the present hour, that sums to 10 historical +
Present Hour +13 Future Hours = 24 hours).

Shategy & Define wour own hours

Starthaur(prior to %) no. of hours |1 o 24
Inzome electricity [MOEE] price
Cozt electricity [MDOKE] price
Cost compreszor operation [MOKE] price
Cost compressor T axes price
Cozt turbine operation [MDEE] price
Cozt natural gas (MOKE) price
" alue of storage diff [MDEE] price
Met income [MDEE] price

Finally, it is planned to include an option in which the “Optimal Strategy 24 Hours” operates in the
same way as the Optimal strategy described in section 9.1. However, instead of optimising the
energy storage facility over the whole year, it only optimises the energy storage over 1 day. After a
day has been completed, the optimisation moves to the next day until eventually the entire year is
complete. To use this strategy, good price prognosis is required. Compared to the 24 Prognostic
Strategy, which updates itself every hour by assuming an intra-day market, this strategy optimises
itself over 1 full day at a time, which requires good price prognosis. However, this strategy has not
been implemented yet.
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10. List of Error Messages

energyplan rz|

@ Arccess violation at address 004DFS67 in module ‘energyPLAM, exe'. Read of address FEFFFFFC,

F ™
energyplan M

One of the distribution files has too many or too few lines.
It must have exactly 8784 lines with exactly one value in each (see section 2.2.2).

i N
energyplan u

One of the values in one of the distribution files contains letters instead of numbers. In this case,
“335,0hh” should be replaced by “335,0” or “335.0".

energyplan

File not found: '\PLAMN.AALLDEN Usershivah Desktoph EnergyPLAN\energyPLAMN Data\Distributions\.const.bd

G
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The stated distribution file (in this case “Wind_WestDK2009”) cannot be found in the distribution
library. Such error typically appears if one receives a data file from another person who has designed
new distribution files. You can either change the files to existing files or get the missing files and
place them in the distribution library.

This error may also appear if you have replaced a version 9 (or lower) with a version 10 (or higher) of
the EnergyPLAN model without making an “EnergyPlan Data” directory to host the three data

directories as subdirectories (See item 5 next page).

4.

energyplan ﬁ

[0] Invalid floating point operation.

| ;mmmm;ﬂ

The calculation has been interrupted because of division by zero. Please, check if you have recently
changed an input (e.g., to zero) and replace with a small number like 0.0001 instead and see if this
helps. Moreover, please send a note to the following email: lund@plan.aau.dk, giving as much
information as possible about the error and the cause. We try to avoid such failure from happening
by making the necessary change in the tool.

5. The name of the input data file is not showing in the upper left corner of programme and the

print.

Input FLAN

ElectricEy demand (TW R yearT Flexibls demand 2,70

Fhred demand 31,74 Fleed Imphexp 0,00 Group Z

Electic heatbing 0,00 Transporiabon 0,00 CHF

Electric ooolng 0.00 Tota 3£ 44 Heat Fumip
Eoler

District heating [TWhiyear) Grd Gr2 Gr3 Sum Group =

District heating demand 286 11,08 24,34 3=.39 CHE

Solar Themma 125 13 061 324 T

rdustrial CHFE (C3HF) o.oo 0, 2,55 Z,65 Eoler

CDemand afier solar and CBHP 1.71 8,70 1.0 3z2.50 Cnndsmcinn

EnergyPLAN 10.1: Startdata

File Edit Tools Help

FHERS %[0

Frontpage | Input | Cost | Regulation | Output | Settings

EnergyPLAN  Energy System Analysis Tool

This may be because you make use of the Windows Offline Files feature on your computer (see
http://www.windows7update.com/Windows7-Offline-Files.html). You will then have to make sure
that all units (as unpacked from the original Zip file) are located and being operated from the same
hard desk.
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As described in chapter 3, the model is organised as an executable file and three libraries: Data,
Distributions and Cost, which have to be organised in the following way. To avoid this failure make
sure everything is operated from the same hard desk.

Mavn £ndringsdato Mavn
. energyPlan Data 08-08-2012 08:50 . Cost
[ 8 energyPLAN. exe 07-08-2012 16:31 | Data
| Distributions
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11. List of Warning Messages

A number of different input combinations will create an error in the EnergyPLAN tool. If this occurs, a

warning is created by EnergyPLAN outlining the type of error. The warnings are shown in three
different places:

First, they are shown in the lower left corner of the input Tab sheets. In many cases, this enables the
user to consider the error before the calculation is done:

(6) Negative Eldemand in hours when subtracting cooling and for heating

Additionally, the warnings will appear on the output print, as shown below, as well as at the top of
the output screen (if one has chosen to see the output on the screen).

e ey Py e mue e -

. w e T TRT TR TIT Y] (R v .
Hydro Power 0w 0 TwWhiyear Gro: 0,00 0,00 Syngss capacity o mMw Indu
Geothermal/Muclear 0w 0 TwWhiyear Gr3: 0,00 000 Biogas max to grid o MW Wari

Output WARNINGI!I: (1) Critical Excess; (4) Syn/biogas shortage (6) Negative Eldemand

District Heating Electricity
Demand Production Consumption Production
Distr. Wastet Ba- Elec. Flex& Elec- Hydro| Tur- Hy- Geo-  Wastet Stab-
heating | Solar CSHP DHP CHP HP ELT Boiler EH lance demand Transp. HP  trolyser EH Pump| bine RES dro thermal CSHP CHP PP Load Imp
MW | MW MW MW MW MW MW MW MW [ MW MW MW MW MW MW MW | RV MW MW MW MW MW MW | % LU
January 3856 0 a 0 2878 203 0 a7 o -3 | 1635 0 65 1087 0 a 0 472 o 0 0 2382 173 1172
February 544 0 0 0 2888 207 0 &2 o -1 1817 0 68 1087 0 ] 0 450 o 0 0 2203 114 184
March 3140 0 0 0 2808 223 0 320 o 2| 1147 0 T4 1087 0 1] 0 358 o 0 0 2088 E 151

ik PreviewResultFrm

555888 WARNING: Critical Excess Electricity Production S5588
555588 WARNING: Grid Stabilisation requierments are HOT fullfilled 553558

E55588 WARNING: Too little Gazification Syngas to provide for Hydrogenation 55558

EnergyPLAN model 10.0 Test, 08-juni-2012 [13:09]
EESULT: Data—s=set: Startdata

Ta~lima —= 1l smmir =k 5 men e 1

The following warnings are included:

(1) Critical Excess:

This warning appears if the excess production of electricity during one hour or more exceeds the
capacity of the transmission line out of the system; this is known as critical excess electricity
production (CEEP). If such critical excess production appears, the electricity supply system will not be
able to operate. To avoid this, one may want to activate one or more of the CEEP strategies available

in the “Regulation” Tab sheet. Conversely, one may not want to avoid it in the analysis so it is
possible to calculate the size of it.
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(2) Grid Stab. Problem:

This warning appears if the electricity production during one hour or more does not meet the input
requirements specified in the Regulation Tab Sheet. EnergyPLAN divides the electricity producing
units into two types: those that play and those that do not play an active role in the task of grid
stabilization. For example, they may be part of supplying regulating power and primary automatic
reserve. EnergyPLAN assumes by default that large CHP and Power Plants in group 3 have such
abilities. In the Regulation Tab Sheet and the Renewables Tab sheet, one can specify to which extent
this is also the case of small CHP plants in group 2, V2G, and Wind Power. Moreover, it is possible to
specify the minimum share of the total electricity production that should come from the active units
(in the Regulation Tab Sheet). If this minimum share is not met during one or more hours, the model
will give this warning.

(3) PP/Import problem:

If there is not enough capacity to meet the electricity demand, EnergyPLAN will import the
electricity. However, if the import during one or more hours exceeds the capacity of the transmission
line, this warning will appear. To avoid this, one must either add more electricity production capacity
(by increasing PP for example) or increase the capacity of the transmission line.

(4) Syn/biogas shortage:

This warning appears if one (in the SyntheticFuel Tab Sheet) has specified a demand for either Biogas
or Syngas from Gasification which exceeds the supply on an annual basis. To avoid this situation, one
must either lower the demand and/or increase the production in the BiomassConversion Tab sheet.

(5) V2G connection too small

This warning is displayed if one has specified an electricity demand for electric vehicles such as EV or
V2G in the Transportation Tab sheet which cannot be supplied with the specified charging
connection. To avoid this situation, one must either lower the electricity demand or increase the
charging capacity.

(6) Negative Eldemand:

In the ElecDemand Tab Sheet, the electricity demand for heating/cooling is subtracted from the total
‘Electricity demand’ using the distributions provided. Depending on the distributions used and the
annual totals, this subtraction may cause negative hourly values during one or more hours: During
such hours, EnergyPLAN will adjust the demand to zero and, consequently, the subtraction of
electricity will not match on an annual basis. When this occurs, this warning will appear, and to avoid
this, one must make sure that the annual demands and the distribution files specified are designed in
such a way that this problem is not generated.
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Transport Electrolyser is too small. Must be xx MW

This warning appears if one has specified a demand for hydrogen without specifying a sufficient
capacity (and storage) for hydrogen production. The demand for hydrogen can be specified either for
transportation in the Transportation Tab Sheet and/or for Hydrogenation in the SyntheticFuel Tab
Sheet. To avoid this problem, one must do one of the following: lower the demand for hydrogen
and/or increase the capacity of the electrolysers and/or increase the hydrogen storage in the
ElecStorage Tab Sheet. Please, note that EnergyPLAN calculates the hourly hydrogen demands using
the specified distribution for transportation. As a consequence, one may be able to lower the
electrolyser capacity required by adding or increasing the capacity of the hydrogen storage.

Indv. CHP Electrolyser is too small. Must be xx MW

This warning appears if one (in the Individual Tab Sheet) has specified a demand for hydrogen for
micro CHP without specifying a sufficient capacity (and storage) for hydrogen production. To avoid
this problem, one must either lower the demand for hydrogen and/or increase the capacity of the
electrolyser and/or the hydrogen storage in the ElecStorage Tab Sheet. Please, note that EnergyPLAN
calculates the hourly demands for hydrogen using the individual heat demand distribution for micro
CHPs. As a consequence, one may be able to lower the electrolyser capacity required by adding or
increasing the capacity of the hydrogen storage.
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12. Help Tools

The EnergyPLAN model version 10 has been prepared for the inclusion of “Help Tools” to assist in the
handling of data, distribution files, etc., as well as other sorts of assistance. Different help tools are in
the process of being developed, but are not ready to be released yet. However, the following
function can still be used to include any tools on request of the individual user.

One must define a directory called /energyPLAN Tools/ located next to the EnergyPLAN.exe file and
the /energyPlan Data/ directory:

RAD Studic » EnergyPLAN

Mew folder

Documents libr:

Run
Mame

. energyPlan Data
. energyPlan Help
. energyPlan Tools
L energyPLAN. exe

Any execute file which is put into the /energyPlan Tools/ directory will now be shown with an icon in
the upper left corner of the EnergyPLAN model and can be activated from here:

EnergyPLAN 11.0: Startdata

File Edit Tools Help
FHERSE [ %MD

Frontpage | |nput | Cost | Begulabion | Oubpot

Settings

EnergyPLAN Energy System Analysis Tool
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