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Preface

The EnergyPLAN model has been developed and expanded into the version 7.0 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 has been 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 CO2
emissions and the share of 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 do modelling of 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 has been expanded further into the present version
7.0. New components such as different transportation options and different individual heating options
have been added. A detailed model of Compressed Air Energy Systems (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 Miinster. 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 Serensen, Aalborg University, who has also assisted in the writing of
this documentation.

Henrik Lund
Aalborg University
March 2007
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Nomenclature

Variables are used for demands, productions, 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 q 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 = 2 dE (X)
8784
ExampIeS: Dg, dFXDAY, hDHg,
Annual Demands Hour demands
D Annual electricity Demand d hour electricity demand
H Annual Heat demand h hour heat demand
F Annual Fuel demand/consumption | f hour fuel demand
Index
E Electricity demand M-Coal Individual Coal boilers
EH Electricity heating demand M-QOil Individual Oil 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
DH?2 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 w1 Waste in DH1
Cool3 Cooling in DH3 W2 Waste in DH2
| Industry W3 Waste in DH3
\% Various
CSHP Industrial Combined Heat and
Power




Examples: Ccupz, €np2, Qg2 KcHp2, OeLc,

Annual Productions

Hour productions

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

S hour energy content in storage
Capacities Efficiencies
C Capacity (Electric) n electric (=electric/fuel)
T Capacity (Thermal) p thermal (=heat/fuel)
S Capacity storage (Energy) 0 COP (=heat/elec) for HPs

a fuel (=fuel/elec) for electrolysers
LOSS Loss from storage v waste to fluid biofuels
SHARE Share of e.g. DH with Solar n waste to solid biofuels
FAC Correction Factor (e.g. RES prod.) |t waste to various (non energy)
LIMIT Capacity limit of micro CHP etc. products
Stab Grid stabilisation share
Index Various factors
Bl Boiler in DH group 1 Res3 Renewable Energy Source 3
B2 Boiler in DH group 2 Res4 Renewable  Energy  Source
B3 Boiler in DH group 3 Hydro 4Hydro power
CHP2 Combined Heat Power in DH gr. 2 | HydroPump | Reversible Hydro power
CHP3 Combined Heat Power in DH gr. 3 | Nuclear Nuclear
HP2 Heat Pump in DH group 1 Geo Geothermal
HP3 Heat Pump in DH group 2 Elc2 Electrolyser in DH group 2
PP Power plant (Condensing) Elc3 Electrolyser in DH group 3
Solarl Solar thermal in DH group 1 ElcT Electrolyser for transportation
Solar2 Solar thermal in DH group 2 ElcM Electrolyser for micro CHP
Solar3 Solar thermal in DH group 3 Pump Electricity storage charging unit
Resl Renewable Energy Source 1 Turbine Electricity storage discharge unit
Res2 Renewable Energy Source 2 CAES Compressed Air Energy Storage

Examp|933 PCoaI—WMy PCoaI—TaxI: COZCoal;

Annual Demands and prices

Hour demands

P Average Annual price p hour prices

A Annual Cost n lifetime

CO2 CO2 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 storage
HAiIr Handling Costs to Air transport VOC Variable Operation Costs
Unit Per unit prices FOC Fixed Operation Cost




2. 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 hour by hour
steps for one year. And the consequences are analysed on the basis of different technical regulation
strategies as well as market-economic optimisation strategies.

2.1 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. The model emphasises the analysis of different regulation strategies with a focus on the
interaction between combined heat and power production (CHP) and fluctuating renewable energy
sources.

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 CO2 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 CO2 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 operation and
maintenance costs have to be added together with life time periods and an interest rate. The model
determines the socio-economic consequences of the productions. The costs are divided into 1) fuel
costs, 2) variable operation costs, 3) investment costs, 4) fixed operation costs, 5) electricity exchange
costs and benefits, and 5) possible CO2 payments.

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, transportation etc.)
- Energy production units and resources (wind turbines, power plants, oil boilers, storage etc.)
- 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 operation costs and investment costs)

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 on how they are operated in the two different regulation
strategies. Also the main inputs for each component are listed.

2.2 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 windows. 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 lowest cost solution on the basis of the business-economic costs of each
production unit.

Step 1 (Chapter 4):
Calculation from the input windows

}

Step 2 (Chapter 5):
Initial calculations not involving electricity balancing

} }

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

CEEP regulation, Fuel, CO2 and Cost calculations

Step 1: Calculation from the input windows:
1. Electricity demand is calculated as in input window section 4.1.1
Solar thermal as in section 4.2.1
RESI, ... RES4 as in section 4.3.1
Hydro Power input as in section 4.3.2
Nuclear Power or Geothermal as in section 4.3.3

AN



6. Individual solar thermal, boilers, CHPs and heat pumps are calculated as in section 4.6. (If
electrolysers for hydrogen productions are not specified, then the model will identify a
minimum capacity and define an electrolyser)

7. Biofuels for transportation and CHP/Boilers produced on waste as in section 4.9.1.

8. Market prices of external market as in section 4.13.

Step 2: Initial calculations not involving electricity balancing
1. Fixed import/export of electricity specified in the Electricity demand window (section 5.1).
2. District heating demands incl. heating demands from absorption cooling (section 5.2).
3. Industrial and Waste district heating and electricity productions (section 5.3).
4. Fixed Boiler production subtracted from the district heating demand (section 5.4).
5. Boiler production in district heating group 1 (section 5.5).

EITHER Step 3A: Technical Energy System Analysis

1. CHP, Heat Pumps and boilers in groups 2 and 3 (regulation 1 or 4) (section 6.2).

2. Flexible electricity demand (including dump charge BEV) (section 6.3).

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 6.4).

4. Hydro power (section 6.5).

5. Individual CHP and Heat Pump systems (section 6.6).

6. Electrolyser for micro CHP, Transportation, DH group 3 and DH group 2 (section 6.7).

7. Heat storage in groups 3 and 2 (section 6.8).

8. Transportation (Smart charge and V2G) (section 6.9).

9. Electricity storage (section 6.10).
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 6.1).

OR Step 3B: Market-Economic Energy System Analysis
1. Market economic optimisation
2. CHP3 minimum production
3. Hydrogen and electricity demands for transportation and micro CHP

Step 4: CEEP regulation, Fuel, CO2 and Cost calculations
1. Fixed boiler production is added to the boilers in groups 2 and 3
2. Critical Excess Regulation
3. Grid stabilisation
4. Heat balances in district heating systems
5. Fuel consumptions
6. CO2 emissions
7. Cost

10



2.3 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)

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
Transportation divided into
1. Jet fuel, Diesel, Petrol, Natural gas and Biomass
2. Biofuels and Hydrogen (produced by other components in the system)
3. Electric transportation including smart charge and V2Gs (Vehicle to Grid)
Industry, Various and Transportation (except from electric transportation) are defined by an annual

demand, while all other demands are defined by both an annual demand (TWh per year) and an hour
by hour distribution data set (name of data set from the data bank).

11



2.4 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 costs are defined as zero.
Wave power
River Hydro
Hydro power Electric capacity First, best possible utilisation Identify highest possible production
Efficiency of all water input given given water input and distribution,
Storage capacity limitations in capacities is turbine capacity and water storage
Annual Water supply calculated and used as input. capacity.
Hourly distribution of water
Variable operation costs Afterwards Hydro power is Sell such maximum production at
relocated in the best possible the highest possible market prices to
way to avoid excess electricity | achieve the highest possible income.
production.
Reversible Same input as Hydro plus Same as Hydropower plus Same as Hydro power plus
Hydro Power Pump Capacity In the end, the Pump is used in | The hydro power pump and turbine
Pump Efficiency order to avoid excess electricity | are used to optimise the profit of the
Pump variable opr. Costs production and the Turbine to plant based on marginal costs and
avoid production on losses in the energy conversion
condensing power plants.
Geothermal Electric capacity Is given priority in the Produce whenever the electricity
Power Efficiency electricity production. price is higher than the variable
Hourly distribution operation costs.

Variable operation 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 Is given priority in the Is given priority in the electricity
Hourly distribution electricity production production. Marginal production

costs are defined as zero.

Industrial waste

For each three DH groups:

Is given priority in the district

Is given priority in the heat

heat for district Annual production and heating supply secondary to 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
Plant efficiency (thermal)

solar thermal.

thermal. Marginal production costs
are defined as zero.

12




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 biofuels | For each three DH groups: Biofuel is transferred as input Biofuel is transferred as input to the

for transportation

Annual waste input and
Hourly distribution
Plant efficiency (biofuel)

to the transportation window.

transportation window.

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 operation costs

operation 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 The marginal operational cost
Thermal capacity district heating can not be including fuel costs and taxes is
Thermal efficiency supplied from any other unit compared to relevant options (such
Variable operation costs (Solar thermal, industrial waste | as CHP, heat pump and heat
Fuel specification heat, CHP, heat pump or heat storage) and the business-
storage) then the boiler is used. | economically lowest cost solution is
selected.
CHP units For DH groups 2 and 3: Technical regulations 1 The marginal operational cost
Electric capacity (and 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 operation costs heat to cover the heat demand. and heat storage) and the business-
Fuel specification economically lowest cost solution is
Technical regulations 2 (and 3) | selected.
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
performance.)

Variable operation costs

Are given priority after CHP
units to cover the heat demand.

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

including fuel costs and taxes is
compared to relevant options (such
as boiler, CHP, electrolysers and
heat storage) and the business-
economically lowest cost solution is
selected.

13




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: Are activated in the case of The marginal operational cost
Electric capacity excess electricity production to | including fuel costs and taxes is
Efficiency (fuel/hydrogen) produce fuel for the CHP and compared to relevant options (such
Efficiency (heat) boilers. as boiler, CHP, heat pumps and heat
Variable operation costs storage) and the business-
When activated the economically lowest cost solution is
electrolysers replace heat selected.
production from CHP and heat
pumps.
Power plants Electric capacity Are given priority after all Produce whenever the electricity

Efficiency (electric)
Variable operation costs
Minimum capacity

Fuel specification

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

price is higher than the variable
operation costs.

Individual hous

e heating and micro CHP

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

Oil boilers Hour distribution thermal. thermal.

Ngas boilers (Fuel consumption is defined

Biomass boilers as demand)

H2 micro CHP Heat demand Is given priority after solar The marginal cost including fuel
Ngas micro CHP | Hour distribution thermal and before boiler. costs and taxes of electricity

Biomass micro
CHP

capacity (in % of max heat)
(Reserve boiler with boiler

efficiency of natural gas or

biomass boilers is assumed)
Thermal efficiency

Electric efficiency

Variable operation costs of
both CHP and boilers

Heat storage capacity

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
quantity of condensing power
in the overall system.

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.

Heat Pumps in
individual houses

Heat demand

Hour distribution

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

COP

Variable operation 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
lowest cost option is chosen.

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

14




Heat demand
Hour distribution
Heat storage

Electric heating in
individual houses

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

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

overall system.

Transportation

Component Input Technical regulation | Market-economic
regulation
Airplanes on JP Are defined as fuel demands. | None None
Vehicles on petrol Are defined as fuel demands. | None None
Vehicles on diesel
Vehicles on Ngas
Vehicles on biofuels
Vehicles on biofuels None None None
from waste conversion (Are defined as fuel output
from conversion of waste)
Vehicles on Hydrogen Hydrogen fuel demand and None None
Hourly distribution (However, the electrolyser | (However, the electrolyser is
(additional input data for is subject to regulation) subject to regulation)
electrolysers are needed, see
below)
BEV (Battery Electric Electricity demand and None None

Vehicle). Dump charge

Hourly distribution

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

(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.

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.

15




Electrolysers and electricity storage systems

Component Input Technical regulation Market-economic
regulation

Electrolysers for Capacity (electric) Hydrogen production is determined | Hydrogen production is

hydrogen for Efficiency by hydrogen demand for determined by hydrogen

transportation Storage capacity transportation. demand for transportation.

(Demand is defined by
hydrogen vehicles)

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 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

Hydrogen production is determined
by hydrogen demand for micro
CHP.

Hydrogen production is
determined by hydrogen
demand for micro CHP.

(Demand is defined by Hydrogen storage is used in order to | Hydrogen storage is used in
hydrogen micro CHP) relocate electricity consumption order to achieve lowest market
with the aim of decreasing excess prices of the electricity
electricity production and the consumed by electrolysers.
quantity of condensing power in the
overall system.
Battery storage Capacity (charge) Charge in case of excess electricity The charging and discharging
Hydro pump storage Efficiency (charge) production is used in order to optimise the
Hydrogen FC storage Capacity (discharge) profit of the plant based on

Efficiency (discharge)
Variable operation costs
of both charge and
discharge

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.

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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3. Libraries and settings

The model is organised as an executable file and two libraries: Data and Distributions.

Mawn Stgrrelse | Twpe
[hData Filmappe
| Distributions Filmappe
fliznergyPLAN exe | 2.124KE  Program

The Data Library holds input data set and the Distribution Library contains hour distributions files.
A new Cost Library is planned to include data sets of investment and fuel costs.

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

When the program 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).

i EnergyPLAN «:00;: Startdata
Fil=  Edit

=|de [ S|

Help

EnergyPLAN Energy System Analysis Model  Versi

3.1.1 Open an input data set from the Library

To open an input data set from the Library, activate the open button |j.".| in the upper left corner.

0 EnergyPLAN 7.00: Startdata

Edit  Help

l Input ] Cost ] Hegulatiun] Dutput] Settings]

EnergyPLAN Energy System Analysis Model  Versi
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The following window will open, in which one can choose between stored input data sets:

Abn E]

Seqgi |lf,.\ Data ﬂ 5 Ef-

[Z] Exercises.bxt [Z] Fre .ot [Z] imitic
Igj] Exerrised. byt I.;j] Georges_Ref_Fdited.bxt I';] kesk
[Z] Exercised_WisionIDAL100%YE bt (2] IDAalkl bxt [£] test
[£] Exercised_VisionIDAZ030,kxt [£] IndwTest.bxt [£] test
Igj] Exercisel, bxb E I';_N] kest
[£] ExerdiseS_YisionIDAZ030, kxk [Z] iritializez. bt [Z] test
45 | E
Filnaw: |initalize.t:<t Abn
Filtppe: | ﬂ Annuller

3.1.2 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”:

1 EnergyPLAN 7.00: Startdata

zt ] Hegulatiun] Dutput] Settings]

| AN Energy System Analysis Model

Prink...
Prink Setup...
it L ter Hydro Hydro
| storage power plant

A

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

Gem som @

Gem i |@Data j = Ef-
[CCAES [ChLokale energimarkeder Chopt
|C)DESIRE [CMljet =
[CIDK100RES [ChMarten CTes
| Dubrovik: [CMosAIK [ Trar
[Chhzstorage [ChMicaragua = ainc
[ IDA energiaar ol [Z] Eria
< | >
Filhawr: |E:-camp|e| Gem
Filtype: | j Annuller
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After storing the data set, the new name will appear in the upper left corner:

i EnergyPLAN 7.001: Example

File Edit Help N——
== E]

EnergyF’LAN Energy System Analysis Model

[T | Hydro |. . Hydro

3.1.3 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.

i EnergyPLAN 7.00: Example

File Edit Help

EnergyPLAN Energy System Analysis Model

||_:...|...n i v | Hydro | e HYdI'D

3.1.4 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.

i EnergyPLAN 7.00: Example

File Edit Help

EnergyPLAN Energy System Analysis Model

||_:...|..,-. - i | Hydro | S| Hydro
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3.2 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.

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.

3.2.1 Change distribution

The model shows the name of the present distribution. Here illustrated by the electricity demand:

3 EnergyPLAN 7.00: Example

File Edit Help
||| S|

Frontpage  nput IEnst ] Hegulation] Dutput] Settings]
ElectricityDemand ]Di&trictHeating] HenewableEnerg_l,I] Stnrage] Ecu:ling] Individual] Industry] Transport] W’a&te]

Electricity Demand and Fixed Import/Export

Electricity demand: el TW@QE distibution | Haur_electicity bt )}
Electric heating [IF ncluded] — Twhiyear SO o — noubion from ‘individual’ waindow

Electric cooling [IF included]  — Twhiyear  Subtract electric cooling wsing distribution from 'cooling’ window

Sum [Demand excl. elec. heating) 2000 Twh'pear

Electric heating [individual] 0.ao TwWhypear —

To change distribution, simply activate the =Nan@e distibution 4 ton and the following window will

open:
Abn E]

Sogi |_) Digtributions j EF Eq-

F:l Hour_eldemand_eltra2001 , Exk I‘E] Hour_nordponl, Ext

E] Hour_electricity  bxt I‘E] Hour_nordpoal_alternativ. bx
E] Hour_eltr a-indu-kee  Ext E] Hour_nordpoal_synketisk, bxt
E] hiour_HydroWWaterSupply_Morway1990_99, kxk E] Haour_nordpool_syskem1 38,k
E] Hour_jndv-heat-S0procent, bxk E] hiour_PY_eltraz001  bxt

E] Hour_jndv-heat-100procent, bxk E] hiour_PY_elkraz00z bxk

£

Filvavn: |H|:|ur_eldemand_eltra2EIEI1 bk

*
&b
Filbype: | ﬂ Annuller
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Here one can choose a new distribution, which will then be shown in the input window:

[ EnergyPLAN 7.00: Example

Eile Edit Help
ol = =R E]

Frontpage  Input ]EDSt ] Hegulatian] Dutput] Settingsl

ElectricityD emand lDistlictHeatingl HenewableEnergyl Stolagel I:Dcnling] Individuall Industry] Transpart] Waste]

Electricity Demand and Fixed Import/Export
Electricity demand: 20 Twhiyear

Electic heating (IF included] — TWwhivear  Subtract electnz heatm F Etton from individual' window
Electic cooling (IF included]  — Twhfvear  Subtract electric cooling uzsing distribution from 'cooling’ window
Sum [Demand excl. elec. heating) 20,00 Twhivear

Flartic haativn lindicidoall nnn Tudbiaar

3.2.2 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.

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.

P DK-wind-01.txt - Notesblok

Filer Rediger Formater Wis His=lp

[0, 173041025
0,19800=5057
0,219954221
0, 245189252
0,2949435658
0, 358855822
0,460329585
0, 5679586151
0, 67130887

0, 71l2221901
0, 779543485
0, B05605314
0, 75174805

0, 707310026
0,650678995
0, 588847154
0, 516787056
0,489280555
0,478474420
0, 466454782
0,4312045534
0,40791 6787
0,3758214389
0, 3589713584
0,311122953

0, 266743716
N 22501 AT
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3.2.3 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 “hour
by hour” distribution data sets are illustrated in the diagram below.

Electricity demand Electricity demand: January week
150 150
125 4 125
. 100 . 100
5] ]
S 754 © 75
£ g
50 1 50
254 254
0 T 0
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 £ 1501
o o
$ 100 4 & 100
N Ennl
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 4 400
350 350
_ 3001 . 300
8 250 8 250
3 200 5 200
& 150 & 150
100 4 100
HEEERE el ”]
1 2 3 4 5 6 7 8 9 0 1 12 1 25 49 73 97 121 145
Month Hours
Solar thermal Solar thermal: January week
450 450
400 4 400
350 350
. 300+ . 300 ’
8 250 | 8 250
§ 2] 321 H ,
& 1501 & 150
E © \ ’ \ '
50 50
p A s | O PSS o ‘ - ‘ ‘ ‘
1 2 3 4 5 6 7 8 9 10 11 12 1 25 49 73 97 121 145
Month Hours

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.
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3.3 (Cost database)

It is planned to add a new library with different databases of investment and fuel costs.

3.4 Settings

ik EnergyPLAN 6.64: EbbeS5Ptest2
File Edit Help

Frontpagel It ] Output  Settings

Capacity Unit: kMW Energy Urit:  Twhdyear

m tonetary Unit: ELR

G:\Fg_energyiDelphilEnergyPLAMIData\EbbesPLest 2, bxt
—

In the settings window, 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 windows 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
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4. Energy System Definition (Inputs)

ﬂ EnergyPLAN 7.00: Startdata

File Edit Help

= H | [& S

Frontpage ]Input I Cost ] Hagu\al\un} Dulpul] Satl\ngs]

EnergyPLAN Energy System Analysis Model  Version 7.00 - 8 February 2007
Import/
Electricity Export -
Hydro water Il-|ydro 4—){ Hydrcl) J storage taed and Electricity
storage powerlp an systern variable T
1 -~ 7
RES 4
electricity Cooling
o v . ¥ Cooling demand
N y 4 | device
Heat 4
pump and
Fuel CHP electric
boiler Heat
I I demand
Boiler  [— P = Heat
storage
- g
Electro-
| H2 storage lyser d
i (Ea e ] ,| Transport
| ) demand
Process
Industry heat
demand

As shown in the diagram, the EnergyPLAN model consists of the following overall structure
components as illustrated in the diagram: 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 window 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 nine sets
of data: FElectricity Demand, District Heating, Renewable Energy, Storage, Cooling, Individual,
Industry, Transport and Waste.

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.

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.

24



4.1 Electricity Demand

F-3 EnergyPLAN 7.00: Startdata E
File Edit Help
= & e[S
Frontpage  nput lEost ] Hegulation] Dutput] Settings]
l DistrictHeating] HenewableEnergyl Storage] Eoohng] Individual] Industry] Transport] W'aste]
Electricity Demand and Fixed Import/Export
,— A - ™\
Electricity demand: 20 Twhiyear Change d|stnbut|0n‘ Hour_electricity. bt
Electic heating [IF included]  — |D Twhivear  Subtract electic heating using distribution from ‘individual' window
Electic cooling (IF included)  — Twhiyear  Subtract electic cooling using distribution from 'cooling' window
Sum (Demand excl. elec. heating] 20,00 Twhiyear
Electiic heating (individual 000 Twhivear T )| Efectricity
“| demand
Electic: cooling [coolingl) 0,00 Twhiyear
Flesible demand (1 day] 0 Twhiyear Maneffect  |1000 M/
\, o
Fleible demand [1 week] 0 Twhiyear Maneffect  |1000 M/
Flexible demand [4 weeks) 0 Twhivear  Max-effect 1000 b
Fixed Import/E xport 0 Tw'hiyear Change distribution Hour_Tyzklandsexport. bt
Tatal electricity demand 20,00 Twhiyear
Inputs

Dg = Annual electricity demand

Dgy = Annual electricity demand for cooling (defined in the input window “Cooling™)
Dgc = Annual electricity demand for heating (defined in the input window “Individual”)
Dgx = Annual electricity demand of fixed exchange (Fixed import/export)

Dexpay = Annual electricity demand flexible within 1 day

Drexweek = Annual electricity demand flexible within 1 week

Drxaweex = Annual electricity demand flexible within 4 weeks

Crxpay = 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, Dg (TWh per year) and a name of an hour by
hour distribution data set. And one can also specify a fixed import/export, Dgx. Furthermore, one can
define various kinds of flexible electricity demands, Dgxpay, Drxweek and Dexaweek in combination with
maximum capacity values. Electricity demands for electric heating and cooling (specified in the
“cooling” and the “individual” windows) are shown, and help functions make is possible to subtract
such demands from the electricity demand.

4.1.1 Input window calculation of electricity demand
If the electricity demand contains an electric heating or cooling demand, such demand (Dgy and Dgc)
can be defined and will be subtracted from the electricity demand hour by hour:
dg’ = dg — dgn - dec
if dg’ <0 thendg’=0
DE’ =2 dE,

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

ﬂ EnergyPLAN 7.00: Startdata

File Edit Help
e RS
Frontpage  |nput ]CUsl ] Hagu\al\un} Dulpul] Satl\ngs]

ElecticityDemand  DistrictHeating IHenewableEnergy] Sturaga] Cuuling] \ndiwdual] Industry] Transpurtl Wasle]

CHP, Heat Pumps and Boilers at District Heating Systems:

Group | : Diztrict heating gr. | is meant ta represent DH systems withaut CHP

I cammaon for all three distict heating groups :

Distribution of demand Change | Hour_distr-heat bt
Distribution of solar thermal : Change | Hour_salar_pradl. bt
Sum of district heating demand : 20,00 Twih/year

Sum of solar thermnal : 0,00 Twhdyear

Heat pump/
electric
boiler

CHP

Baoiler

. [ Heat
* \demand

Heat
storage

Demand - |0 Twhiyear Production Storage  Loss *) Shae ™) Result
’DS— Twhtyear Gwh  Percent TWhiyear Twhiyear
IR R . Solar thermal : |0 0 0 1 0.a0 Twhdyear
Groupll:  District heating gr. |l iz meant to represent DH spstems based on small CHF plants
Demand 10 Twhvear  Solar thermal 0 0 0 1 0,00 { Fuel }
Capacities Efficiencies

Mwi-e M ts elec. Thern.  COP Heat starage ar. 2
CHP 1250 o4 05 10 Gwh
Heat Pump d o 3 Fixed Boiler share

’— ’— ’— thermal

Eniler 5000 0 0 Per cent
Group Il - District heating gr. |ll is meant to represent DH systems based on large CHP extraction plants

Demand 10 Twhdyear  Salar thermal 0 0 0 1

0,00

Capacities Efficiencies (et e
e [LAPES elec, Them. COP Heat storage gr. 3 DHP
CHP [1500 1875 o4 |05 i Gwh CHP2
Heat Pump 100 o 3 Fized Bailer share CHFP3
Eniler 5000 03 0 Per cent Boiler2
Condensing 4000 045 Boilerd
CHP extraction plants are modelled as a combination of CHF counterpresure and condensing plants PP

*] Loz in percent of storage content
| Share of district heating demand with zolar thermal

Distribution of fuel

Coal

ail

Mgas Biomass

Vanablel Variable‘ Variab\el Variable

o o o [0
o o o [0
o o o [0
o o o [0
o o o [0
o o o [0

Input

District heating demands

Hpy; = Heat demand in district heating group 1
Hpy, = Heat demand in district heating group 2
Hpys = Heat demand in district heating group 3

Energy production units

Ccup2 = CHP capacity (MWe) in district heating group 2
Chypz = Heat Pump capacity (MWe) in district heating group 2
Ty, = Boiler capacity (MJ/s) in district heating group 2

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

Cyp; = Heat Pump capacity (MWe) in district heating group 3
Tg; = Boiler capacity (MJ/s) in district heating group 3

Cpp = Power Plant capacity (MWe)

pp1 = Thermal efficiency, Boiler in district heating group 1
Ucnpz = Electric efficiency, CHP in district heating group 2
pcup2 = Thermal efficiency, CHP in district heating group 2
pp2 = Thermal efficiency, Boiler in district heating group 2
¢up2 = COP, Heat Pump in district heating group 2

Ucnps = Electric efficiency, CHP in district heating group 3
pcup; = Thermal efficiency, CHP in district heating group 3
pg3 = Thermal efficiency, Boiler in district heating group 3
opp3 = COP, Heat Pump in district heating group 3

upp = Electric efficiency, Power Plant
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Heat storage

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

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

Sussolar1 = Capacity, Heat storage for solar thermal in district heating group 1 (GWh)

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

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

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

Solar thermal
Qsotarts ----Qsolars = Annual heat production from solar thermal in district heating groups 1, 2 and 3.
SHARESjr1, - ... SHAREg, ;3 = 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 hour 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. And also the size of heat storage capacities is given here.

Cpp is the total sum of power plant capacity and CHP capacity in group 3. In lack of district heating
demand in group 3, the CHP capacity can be turned into purely condensing power plant capacity. And
often CHP plants in city areas are part of extraction plants.
4.2.1 Input window calculation of solar thermal in district heating systems
The solar thermal input can not always be utilised. It depends on the hour 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 s, is calculated simultaneously in the input window 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:
q’pn = qon * SHAREar
If gsotar < q"pr then q’sotar = qsotar - Min[StorageContent, (q’pr — qsolar)]
If gsolar > @b then q’sotar = b1 + (Sissolar - StorageContent)
StorageContent := StorageContent + qsolar — q b1
If StorageContent > Syssorr then StorageContent = Sygsolar
StorageContent:=StorageContent- StorageContent * LOSSysolar1 /100;
Q,Solar =X q’solar

Q’solar 18 shown in the input window for each of the three groups, and q’s.iar is applied subsequently to
the energy system analysis.
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4.3 Renewable Energy Sources (RES)

| EnergyPLAN 7.00: Startdata

File Edit Help

ST E]
Frontpage  Input ]Cost ] Hagu\atmn} Dutput] Sattmgs]

EIectric\tyDamand} DistrictHeating RenewableEnergy ]Storaga] Cooling] \ndiwdual] Industr}l] Transportl Waste]

Electricity production from Renewable Energy and Nuclear :

Renewable Capacity:  Stabilization Distribution profile Production Comrection  Post Correction
Erergy Source b share Twhiyear factor production
\wind 1000 a Change | Hour_wind_1.tst 2,07 0 207
Change | Photovakaic  |590 a Change | Hour_wind_1.tst 1,04 0 1.04
Change | wave Pawer 0 a Changs Hour_zolar_prod” 0,00 0 0,00
Change | River Huydra a a Changs Hour_zolar_prod” 0,00 0 0,00

Hydra Power :

Capacity 'U— w2 Annual W ater supply o Twh/vear

Efficiency 'r Distribution of water Change | Hour_wind_1.tat ' ™
Storage 'U— Gwh Estimated anuual production: 0,00 T'whdyear

Purnp Capacity ’D— Mg Storage difference: 0 Gwh sToyrir;e = Hydro PP

Pump Efficiznsy 09

RES
electricity
Nuclear Power

Geothermal A
Capacity: 0 Mw-e Distribution: ~ Change | Haur_wind_1.t«t power 2

Efficiency 0 Annual production: 0,00 Twh/year

-
.

Input

Renewable Energy Sources
Cresls ----Cress = Annual electricity production from Renewable Energy Resources

Stabgesi, ....Stabress = Share of RES capacity with grid stabilisation capabilities
FACge, -...FACgreq = Correction factor of RES production

Hydro power

Chyaro = Capacity of Electricity Generator in MW

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

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

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

Olydro-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
Chuclear = Capacity of the Nuclear Power Electricity Generator in MW
Unuctear = Efficiency of the Nuclear Power station.

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
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- Photo Voltaic
- Wave Power
- River Hydro

Input to the electricity production is identified by the capacity of each RES and the 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 either nuclear
power or geothermal power.

4.3.1 Input window 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 hour by hour 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:

eRes’ = CRes *1/ [1 - FACRes * (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 of photovoltaic power, the annual production becomes 1.00 TWh/year, as
shown in rows 1 and 3 in the input window below.

1 EnergyPLAN 7.00: Startdata

File Edit Help
=|ds| R/ &l

Frontpage  Input lEUSl ] Hegulation] Dutput] Settings]

EIectricityDemand] DistiictHeating R enewableEnergy ]Starage] Eunlingl Individual] Industl_l,l] Transpart] Waste]

Electricity production from Renewable Energy and Nuclear :

Renewable Capacity:  Stabilisation  Digtribution profile Production  Corection  Post Cormection
Erergy Source (G share Twhyear factar production
Change | ‘wind 1000 0 Change | hour wind ez 1,95 u 1,96
Change | ‘wind 1000 o Change | hour_wind_slra2  1.95 0s 410
Change | PhotoVoltaic 1000 o Change | hour PY_elra20l 1,00 L 1,00
Change | PhotoVoltaie 11000 o Change | hour PY_elra20l 1,00 08 202
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If adding a correction factor of e.g. 0.8, the hour by hour production is modified as illustrated in the
two following diagrams. The 0 values and the maximum values of 1000 MW are kept, while all the
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 principle of modifications.

Wind Power in Jutland 2001
1000
800 N m m'n
. 600 M A /A\V/V/\V/
oo T A
200 -
6893 6943 6993 7043 7093 7143 7193 7243
hours
——Factor 0 —— Factor 0.8
Photo Voltaic in Jutland 2001
1000
800 A\ /AN /M
= 600 -
= 400 /\/\\
200
o/ Ny N J N J
3000 3050 3100
hours
‘—FactorO—FactorO.S‘

4.3.2 Input window calculation of hydro power
The hydro power plant is identified by an hourly distribution of the annual water input (Wyyaro), a
water storage capacity (Suyaro) and the capacity (Cryaro) and efficiency (Uuyaro) 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 (€uydro-ave) 18 calculated as the output of the average
water supply (Annual water supply divided by 8784 hours/year):
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eHydro—awe = MHHydro * WHydro / 8784

Then the program calculates the hour by hour modelling of the system, including the fluctuations in
the storage content. Furthermore, the hydro power production (epyar,) 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 + Wiygro
€hydro = MAX [€nydro-ave » (Hydro-storage-content - Spyaro)™* rydro]
eHydro <= 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
window.

4.3.3 Input window calculation of nuclear power or geothermal power.

By activating the button with the name, one can choose to include either nuclear power 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:

Chuclear = Capacity of the nuclear power electricity generator in MW

Unuctlear = Efficiency of the nuclear power station.

dnuctear = 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 (enycear) 1S simply defined by
the capacity and the hour by hour distribution:

CNuclear — CNuclear * dNuclear / Max(dNuclear)

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

fNuclear = CNuclear / 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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4.4 Storage

3 EnergyPLAN| 7.00: Startdata

File Edit Help

Frontpage  Irput ]Eost ] Hegulation] Dutput] Settings]

EIectricityDemand] DistrictHeating] FenewableEnergy  Storage l Eooling] Individual] Industry] Transport] Waste]

Electrolysers and electricity storage systems

Electrolyser

Capacities Efficiencies
M- b sz fuel Therm. Hydrogen Storage
Group2 B 0 oa o 0 Biwh
Electro-
Bapd | b Jos |01 g Gwh 4! H2 storage
yser
Tranzport |D |D'8 a Giw'h
MicraCHP |0 |08 g Gwh
Electricity Storage
Capacities Efficiencies Fuel R atio *] Storage Capacity
a 08
Fumnp | | il Gk
Turbine |D |D'8 a —
Electricity
| Fuel ratio = fuel input # electric output [for CAES technologies or similar) storage
system
Advanced CAES j\
I .
Input

Electrolysers

Cri2 = Capacity of Electrolysers in district heating group 2

Cries = Capacity of Electrolysers in district heating group 3

Ckier = Capacity of Electrolysers for Transportation

Ckiem = Capacity of Electrolysers for Micro CHP

agle2 = Fuel efficiency of Electrolysers in district heating group 2

agle;3 = Fuel efficiency of Electrolysers in district heating group 3

ager = Fuel efficiency of Electrolysers for Transportation

agem = Fuel efficiency of Electrolysers for Micro CHP

pe2 = Thermal efficiency of Electrolysers in district heating group 2
pees = Thermal efficiency of Electrolysers in district heating group 3
Skie2 = Capacity of Electrolysers Fuel Storage in district heating group 2
Sgie; = Capacity of Electrolysers Fuel Storage in district heating group 3
Sgier = Capacity of Electrolysers Fuel Storage, Transportation

Skiem = Capacity of Electrolysers Fuel Storage, Micro CHP

Electricity Storage

Cpump = Capacity of Pump in electricity storage

Cruine = Capacity of Turbine in electricity storage

Scags = Capacity of Storage, electricity storage system

opump = Efficiency of Pump in electricity storage (from electricity to storage input)
Hrubine = Efficiency of Turbine in electricity storage (from storage output to electricity)
dcags = Fuel-ration for CAES systems (fuel input / electric output)

In the storage input window, one can specify electrolyser and electricity storage systems. The two first
electrolysers are described in the model as 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
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production for transportation or micro CHP. The electrolysers transform electricity into fuel and heat
if located in connection to district heating. They are defined by a capacity, a fuel efficiency and a
thermal efficiency. Moreover, fuel storage is defined by a capacity.

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

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

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

e Storage (storing energy) defined by a capacity.

Also the model can add fuel when the turbine is activated and thereby technologies such as CAES

(Compressed Air Energy Storage) can be modelled. In such case, the following input has to be
defined:

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

4.5 Cooling
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Cooling
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Cooling
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Input

Dcoot = Annual electricity demand for cooling
Hcoolt, ---Heools = Annual heat demands for cooling in groups 1, 2 and 3.

Cooling demands are defined by annual electricity consumptions (air-conditioning etc.) and/or by
annual heat consumption (absorption technology). In the latter case, heat consumption is divided into 3
district heating groups. One common hour distribution is used for all cooling demands. Inputs can also
be defined in terms of COPs of the different demands. Such co-efficiencies are used in the input
window only to calculate a “Cooling” demand. This function is meant to provide assistance in case
one demand is replaced with another, e.g. an air-conditioning electricity demand with a COP of 3 is
replaced with a district heating absorption cooling with a COP of 2.

Later, in the energy systems, the heat demands for cooling are simply added hour by hour to the
district heating demands in the various groups. The electricity demand for cooling is added to the other
electricity demands. Please note that a help function in the Input Electricity Demand window allows
for a subtraction of electricity for cooling and heating from the fixed electricity demand.
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4.6 Individual
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Input

Individual boilers, CHP, Heat pumps and Electric Heating

Fu-coals Fum-0il, Fungass Fmevio = Annual fuel demands for individual boilers

PM-coals PM-0ils PM-Ngas>» PM-bio = 1 hermal efficiencies of individual boilers

Hwmacnp, Hyngascnp, Huegiocup = Annual heat demands of micro CHP on H2, Natural gas and Biomass.
Unm-m2cHp, MM-Ngascaps Mv-siocup = Efficiencies (electric) of micro CHP on H2, Natural gas and Biomass.
PM-H2CHPs PM-NgasCHP> PM-Bioctp = Efficiencies (thermal) of micro CHP on H2, Natural gas and Biomass.
Hynp, Hvgn = Annual heat demand of Heat Pumps and Electric Heating in individual houses

drup = COP of Heat Pumps in individual houses

LIMITM_H2CHP, LIMITM-NgaSCHP: LIMITM-BiOCHP’ LIMITI_HP = 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-H2CHP> - - - Qsolar-M-biocup = Annual heat production from solar thermal in individual CHP systems.
Qsolar-M-HP> Qsolar-m-En = Annual heat production from solar thermal in individual HP and EH systems.
SHARESjar-M-coals ---» SHAREgar.m.en = Share of individual houses with solar thermal in various systems.
SHssolar-M-coal » - -+ SHssolar-M-EH = Capacity, Heat storage for solar thermal in various systems

Inputs to individual houses are basically defined as fuel inputs, since such figures are normally basic
data in statistics. When defining efficiencies of boilers, heat demands are calculated. Electric heating
is defined as electricity consumption. The same hourly distributions are used for all heat demands.
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To include CHP and Heat Pumps one has to define heat demands and efficiencies. Moreover, one can
define capacity limits in the CHP and Heat Pump units in shares of the maximum heating 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 window:

4.6.1 Input window calculation of heat demands in individual houses
The resulting heat demands in the individual houses are given 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
4.6.2 Input window calculation of solar thermal production in individual houses
Solar production is calculated principally 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 4.2.1.

4.6.3 Input window 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):

qm-oil = hy.oit — q’solar-M-0il
For the micro CHP and the Heat Pump the production cannot exceed the limitations in capacity if any.
(M-NgasCHP = hM-NgasCHP - q’Solar—M—NgasCHP
If qv-ngascrp > Max(hyingascrp) * LIMITyingascrp then qungascrp = Max(hyingascrp) * LIMITyiNgascHp

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:

J— b
gM-H2CHP-Boiler — hyenocne - q Solar-M-H2CHP - {M-H2CHP
J— b
JM-NgasCHP-Boiler — hM—NgasCHP = { Solar-M-NgasCHP = {M-NgasCHP
J— b
gM-BioCHP-Boiler — huesiocrp - q Solar-M-BioCHP = {M-BioCHP

— 9
gM-HP-EH — hyvenp - q Solar-M-HP = {M-HP

The fuel demands for all boiler systems are calculated and shown in the input window (Here shown
for the oil boiler):
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fmoil = qmeoil / Pm-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.

fM-NgasCHP = (M-NgasCHP / PM-NgasCHP
fM-NgasCI—IP—Boiler = qM—NgasCHP-Boiler / pM—Ngas
The total fuel demand, Fyingascrp-Totl, 1S found by adding the two demands:

fM-NgasCHP-Total = fM-NgasCHP-Boiler + fM-NgalsCl-lP

The electricity production from CHP is calculated as follows:
CM-NgasCHP — fM-NgasCHP * HM-NgasCHP
The total electricity consumption from Heat Pumps, Dy.pp.1o1l, 1S calculated as follows:
dvinpen = quMomp-EH
dvene = qmne / Ovne
dvtptot = dmempen T dwewp
The electricity demand for electric heating is calculated like this:
Dmen = Qmen

The resulting total fuel consumption and electricity productions (and consumptions) are shown in the
input window for all systems. So is the resulting solar production.

4.6.4 Input window 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 window. If hydrogen storage is specified in the Input Storage window,
then such storage capacity is taken into account. The minimum electrolyser capacity, CgrcmN, 18
calculated in the following way:

First, the hydrogen production of the electrolyser fg .\ is defined as the average hydrogen consumption
of the micro CHP system, fypochp-average :

feiem = fMem2cHP-Average = Fumeracne / 8784

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

SeieM(X) = Seiem(X-1) + fvimacHp-Average = TM-m2cHp (X)

If at one hour the storage content exceeds the capacity, the production is decreased:
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If Spiem > Seiem then  few = friem - (SEiem - Sgiem)
And if the storage content goes below zero, the production is increased:
If sgem < 0 then feem = feiom - 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 the former calculation.

Finally, the minimum electrolyser capacity, Cgemn, 1s found as the maximum production needed
divided by the fuel efficiency:

Celemin = Hourmax( fEch) / OlEieM

Also the corresponding electricity demand dgey can be calculated:

deiem = feiem / Olpiem

The electricity demand dg\ forms the basis for the further calculation in section 6.7.1, in which the
electrolysers are used for decreasing excess and power only production in the system.
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4.7 Industry
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Industry: Fuel consumption and Heat and power production

Coal ufi} Ngas Biomass
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Industrial CHP [CSHP): Change distribution | Hour_cshpel et ‘ Fuel iiiely F":::tss
Twhiyear  DH prod Electreity prod demand
DHGT: |2 o
DHGz  [° o
DHG: O o
Taotal 0,00 0,00
Input

Fi.coal> Froits Fingass Frvio = Annual fuel demands for Industry

Fv.coals Fv-0its Fv-ngas, Fv-pio = Annual fuel demands for Various

Qi1, ... Qi3 = Annual excess heat production from industry to district heating groups 1, 2 and 3.
Ecsup1, ---- Ecsups = 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, which are 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 or 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.
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4.8 Transport
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JP (Jet Fuel) B
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Petral b
Mgas 0
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Biomass 0
H2 [Produced by Electrolysers) 0 Change Houwr_transport. bt
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S. Combustion Transport
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Combustion Transport
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@ Combustion Transport
cars demand

H2 Transport
o =
Electricit Vehicle to Transport
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Input

Fuel demands

Fr5r, Frpieset, Fr-petrol, Fr-Ngas» Frovio = Annual fuel demands for Transportation

Frransport-ni2 = Annual hydrogen fuel demand for transportation

Electricity demands
Dggy = Electricity demand of Battery Electric Vehicles in TWh/year

Dy, = Electricity demand of “V2G cars” and or “BEV smart charge” in TWh/year

V2Gpax-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 = L he share of parked V2G cars connected to the grid.
Ucnareger = The efficiency of the grid to battery connection (charger).
Svac-atery = The capacity of the battery storage in GWh

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

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

The transport input window is designed to describe potential changes in the transport sector.

The fuel inputs at the top comprise fuel for cars and other transport units divided into Jet Petrol,
Diesel, Petrol, natural gas, and biomass. Then vehicles on hydrogen or biofuels produced on waste.

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 transportation
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 window, as illustrated in the
following window. 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

39




reducing the number of traditional cars and adding new technologies on biomass and/or electric
vehicles.

4.8.1 Input window calculation of electrolysers for transportation

If a fuel demand is specified for hydrogen transportation 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 window. The calculation is the same as for micro hydrogen systems as
shown in section 4.6.4.
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4.9 Waste
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Waste: Heat, electricity and biofuel from energy conversion of waste

‘Waste iz defined geograhical on the three district heating groups. Only one hour digtribution can be defined and storage of waste iz not conzsidered an option.

Heat production iz utiized and given priority in the respective district heating groups.  Electricity production is fed into the grid.
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[Twhiyear] Efficiency Twhdy Efficiency Twhdy Efficiency Twhdy Efficiency Twhdy Efficiency  Twhdy MDKEATwh
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Input

Fw1, Fw2, Fws = Annual input of waste fuels divided into the three district heating groups
pwi, Pw2, Pws = Efficiencies (thermal) of waste conversion

Uwi, Uwa, Mws = Efficiencies (electric) of waste conversion

Wwi, Wwa2, Vw3 = Efficiencies (waste to biofuel for transportation) of waste conversion
Nwi, Nw2, Nws = Efficiencies (waste to biofuel for CHP and boilers) of waste conversion
Twi, Twa, Tws = Efficiencies (waste to various non energy products) of waste conversion
Pw1, Pw2, Pws = Prices of various non energy products (MDKK/TWh)

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

be defined.

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

- Dbiofuels (fluid) for transportation, which are transferred to the Input Transport window

- 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.

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 4
energy forms: Heat for district heating, electricity, fuel for transportation and fuel for CHP and

boilers.
- An hour by hour 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.
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Basically, the model assumes that waste can not be stored and has to be converted in accordance with
the specified hour by hour 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 utilized because of limitations in 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 this can not be done, excess
electricity production will be exported.

Fuel for transport is calculated and the used fuel can subtract the petrol accordingly and, at the same
time, adjust for 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.

4.9.1 Calculation of waste fuel outputs
The biofuel outputs are calculated in the following way and the fuel for transportation is transferred to
the Transport window:

Frwase = FW1 * yy + FW2 * gy, + FW3 * yys
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4.10 Fuel Cost
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Input

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

PCoal—WMa PFuelOil-WMs PDiesel—WMa PPetrol-WMs PNgas-WMy PWasle—WMa PBiomass-WM = World Market Fuel Prices
PCoal—Hcens PFuelOil-Hcens PNgas-Hcens PWaste—Hcena PBiomass—Hcen = Fuel Handling costs to central pOWGr plants
Pcoal-tdecs Prueloil-Hdecs PNgas-Hdecs Pwaste-Hdecs Piomass-Haec = Fuel Handling costs to decentralised CHP and industry
Pcoal-Hindvs Phiesel-Hindv> PNgas-Hindvs PBiomass-ninav = Fuel Handling costs to individual households
PDiesel»HRoad, PPetrol-HRoadn I:’JP-HAir, PNgas—HRoada PBiomass»HRoad = Fuel Handling costs to transportation
PCoal—TaXIndVa PDiesel-TaXIndVa PNgas-TaxIndva PBiomass-TaxIndv = Taxes on Fuels to individual households

PCoal-TaXIa PFuelOil-TaXIa PNgas-TaxIa PWaste-TaxIa PBiomass-TaXI = TaXeS on Fuels to waste incineration and indUStry
PCoal-TaxB; PFuelOil-TaxB, PNgas-TaxB; PWaste-Tast PBiomass-TaxB = Taxes on FuelS to diStriCt heating bOilerS
Pcoat-Taxcrps Prucioit-TaxcHP, PNgas-Taxchps Pwaste-TaxcHP> PBiomass-Taxcrp = Taxes on Fuels to CHP production
Pgas-Taxcaes, = Taxes on fuel for CAES installations

CO2 trade price and Electricity taxes on heat and hydro productions (DKK/MWh)
PEiec Taxen-pH> PElec-Taxtp-DH> PElec-TaxBle-DH> Prlec Taxcars.pu : Taxes on electricity in district heating systems
PElec-TaxEH-Indvs PElec-TaxHP-Indvs PElec TaxElc-ndvs Prlec TaxBEV-Inay : Taxes on electricity in individual houses and cars

CO2 emission factors (kg/GJ)
CO2¢oa1, CO20i1, CO2Ngas, CO2yya5te = CO2 emission factors

CO2 trade price (DKK/t CO2)
Pcoz-irage : CO2 emission quota price (included in marginal costs)
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The Fuel window 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. The Additional window
contains additional investment specification.

An analysis using technical optimisation strategies can be done solely on technical data for the nine
input windows 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 window is used for two purposes. The one is for the calculation of marginal
productions costs, which is done in the Cost Operation window (see below in section 4.11). And the
other is to include the fuel costs in the feasibility study at the end of the energy system analysis (see
section 8.8)
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4.11 Operation Cost
i EnergyPLAN 7.00: Startdata E]El

File Edit Help

=(d=R/e

Frontpage] lnput  Cost Wﬂegulationl Dutput] Settingsl

Fuel I Investment] Additmnal]
Variable Operation and Maintenance Cost
District Heating and CHP systems Marginal Costs of producing 1 MWh electrcity
Boiler il DEEAWh-th DistricHeating Inct. CHPZ decr. HP2 o DEKMWwWh
CHP il DEFAMwh-e Incr. CHP3 decr. HP3 1} DREMwh
Heat Pump 0 DEEAwh-e Iner. CHP2 decr. B2 i) DEKMw'h
Electric: heating 0 DEEAwh-e Incr. CHP3 decr. B3 1] DREMwh
Incr. B2 decr. HP2 0 DEEMwh
Power Flants Incr. B3 decr. HPS 0 DEEAwh
Hydro Power o DKK b Incr. B2 decr. EB2 1] DEE/Mwh
Bl i DK Mwihe Incr. B3 decr. EB3 0 DEEMwh
Much DK b incr. CHPZ decr. ELT2 1} DREMwh
Heear g ® inct. CHP3 dect ELT3 0 DKK/Mwh
a incr. B2 decr. ELT2 0 DEEMwh
TR incr. B3 decr. ELT3 0 DKKMwh
Bl g ERERR Power Plants Condersing Powsr 0 DKKMwh
Pump 0 DEEAwh-e
Hydro Power 10 DEKMw'h
Turbine il DEEMwih-e Nucleat 0 KK Mwh
20 Discharge *) il DEEAdwh-e
Hydro Pawer Pump 3 DEEAwh-e Individual Incr. Mgas.CHP decr. B i) DEKMw'h
Incr. Bio.CHP decr. B. 0 DEEMwh
Individual Incr. HP decrease EH i] DK Mwth
Buoiler il DEE A wh-th
CHP 1] DKEMwh-e Marginal Costs of storing 1 MWh electrcity
EIZ‘Z:ITC“:E"&”” L gimm: DKKAWh  Multplication Factor )
? g Individual Iner. H2.CHP decr. Bailer 0 1.85
Storage W2G [Electic Yehicle] 0 1.23
#| Total cost of storing defined pr. Mwh of electricity production Pump/Turbine [CAES] 0 1.39
] Minimum zelling price devided by masimum buying price Hydro Pump Storage " 1.23

Input

Variable Operation Costs (DKK/MWh)

PvocBoiter-pH, Pvoc.cap-pas Pvoc.up-pa, Pvoc.en.pn = Variable operation costs in district heating plants
Pvoc-tydros Pvoc-pps PvocNuciears Pvoc-Geothermal = Variable operation costs in power plants

Pvoc-eies Pvoc-pumps Pvoc-Turbines Pvoc-v2g Pvoc-Hydro-pump = Variable operation costs in storage systems
Pyvoc-Boiler-Indvs PVOC-CHP-Indv>s PVOC-HP-Indv>s Pvoc-EH-Ingv = Variable operation costs in individual households

In the Cost Operation window, variable operation 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, CO2 costs (specified
in the Fuel Cost window) and variable operation costs. Fuel costs consist of international market prices
plus local handling costs as shown in the input window 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 electricity production/consumption.

For storage units such as hydrogen CHP and pump storage systems, marginal costs are given in a
multiplication factor together with an addition factor. Basically, the optimisation criterion is the

following:

Psell > Pouy * fmur + fapp

In which Py is the market electricity price when selling (DKK/MWh)
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Py  is the market electricity price when buying (DKK/MWh)
fmur 1s 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
windows. Only fuels, which are specified as variable, are included in the calculation.

4.12 Investment Cost

i EnergyPLAN 7.00: Startdata E]Elgl

File Edit Help

IR E

Frnntpage] Input  Cost Wﬂegulatinnl Dutput] Settingsl

Fuel } Operation |nveslmenl1 Additmnal]

Investment and Fixed Operation and Maintenance Costs Inierest: [ Percent pro anno
CHF systems Investment Period O.andM. Total Inv. Costs Annual Costs (MDKK/year)
Lnit MOKK pr. Unit  “ears % of lnw. MDKK Ihvestment  Fixed Opr. and b,
0 0 0 a a 0 Investment
Small CHP unite 1000 Mw/-e 0 0 0 0 0 0 Sum Annual Costs
Heat Pump gr. 2 0 ke i] il il 1] u] 1] 1] (MDKK/year)
Heat Storage CHP 20 i] il il 1] 1] 1]
Large CHP units 1500 Miw-e 0 0 0 1] 1] 1]
Heat Pump ar. 3 100 M2 i] il il 1] o o )
Heat Storage Solar 1] i] il il 1] 1] 1] Fixed Oper. and M.
Bolersgr Zand3 10000 Mw4h i 0 0 0 0 0 Sum Annual Costs
Large Pawer Plants 2500 Mw-e 0 0 0 a 1] a (1] (MDKK/year)
Wind 1000 Mw-e i] il il ] o ]
wind offshore 0 Mg 0 il il 1] 1] 1]
Phato Yolkaic 500 Mw-e 0 0 0 1] 1] 1] Show Al
W ae power 0 Miafe i] il il 0 o 0
River af hydro 0 biaf-e: i] il il 1] 1] 1]
Hydro Power 0 Mg 0 0 0 1] 1] 1]
Hydro Storage 0 i} il il 1} 1] 1}
Hydro Purnp 0 Mif-e i] il il ] o ]
Muclear 0 Mg 0 il il 1] 1] 1]
Geathemmal 0 Miaf-e 0 0 0 1] 1] 1]
Electrolpser 0 Mif-e i] il il ] o ]
Hydrogen Storage 1] i] il il 1] 1] 1]
Pump 0 Mg 0 0 0 1] 1] 1]
Turbing 0 Miafe i] il il 0 o 0
Pump Starage 0 biaf-e: i] il il 1] 1] 1]
Indv. boilers [0 Mia-th 0 0 0 1] 1] 1]
Indv. CHP 0 Miaf-e 0 0 0 1] 1] 1]
Indy. Heat Purp 0 Mif-e i] il il ] o ]
Indv. Electric heat BI85 Mw-e 0 il il 1] 1] 1]
Indy. Solar thermal 0 Twh/year 0 0 0 1] 1] 1]
1} 1]

Additonal various investment costs (see next page)

Input

For each component (here shown for wind):

PUnit.wing = Pr. unit price

Nying = lifetime of investment

Proc.wina = Fixed annual operation costs in percentage of total investment

General for all calculations:
i = calculation interest (real interest) for socio-economic evaluation

In the Investment Cost window, 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 has to enter an interest for the whole calculation. The total investment, I, of each production
unit is simply calculated as:

Iwind = Cwind * PUnit-wind

46



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

The annual costs, Ajuvestments are calculated as follows:

AInvestment—Wind = IWind *1/ [1 - (1+i)_n ]

In which

- Iwing 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 defined in million DKK/MW.

- nis the lifetime given in years.

- 11is the interest

The annual fixed operation costs, Aroc, are calculated as follows:
Aroc-wind = Proc-wind * Iwind
In which

- Pgoc is the annual fixed operation and maintenance costs given in percentage of the investment
cost.
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4.13 Regulation

File Edit Help

Frontpage] Input ] Cost Dutput] Settings]

Regulation:

Chose Optimisation Strategy: Technical Optimisation

Change technical regulation strategy | 1 Mesting heat demands

Electric grid stabilisation requierments: External Electricity Market Definition
Mirirum grid stabilisation production share |92 Price distribution Change | Hour nordpacl. tat

Addition factar u DEKAMwh
Multiplication factor 2

Fesulting average price : 227 DERMwh

Stabilisation share of CHP2
Minimurm CHP i gr. 3:

SR
bl K=}

Heat Pump M aximum load:

Critical Electricity Excess Production (CEEF) External Electricity Market response to importfexport

Critical Electricity E xcess Production [CEEP] regulation: “white number: a Price elasticity DKEAwh pr. b
1: Reducing wind production Basic price level for price elasticity 150 DEKAwh

2 Reducing CHF in gr.2 by replaing with boiler

3 Reducing CHP in gr.3 by replaing with boiler

4 : Replacing bailer with electric heating in gr. 2

A : Replacing boiler with electric heating in gr. 3 Transmission line capacity

E : Reducing photo voltaic production

7 : Reducing power plant in combination with wind and photo voltaic production M axirnum imp. fexp. cap: 1600 bt
Input

Electric grid stabilisation requirements:

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

Ccaps-min = Minimum production on CHP units in DH group 3

LIMITyp = Maximum heat production form heat pumps

External Electricity Market Definition:

PMarket-input = Input hour by hour, external market electricity price
Facy, = Multiplication factor

Facyqq = Addition factor

Facpepend = Dependency factor (price elasticity)

po = Basic price level for price elasticity

Transmission line capacity:
Cimprexp = Import/export transmission line capacity

In the Regulation window, one can specify the wanted regulations strategy together with grid
stabilisation requirements and relations to external electricity markets.

4.13.1 External electricity market definition
The market price on the external electricity market is defined by the following input:
- An hour by hour distribution of prices (chosen from the Library)
- Facy = Multiplication factor
- Facagq = Addition factor
- Facpepends = Dependency factor (price elasticity)
- po = Basic price level for price elasticity
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For the economic optimisation, the market prices, puyarket, are found from the specified hour by hour
price distribution (Puarket-inpur) When modified in the following way:

= %k
pMarket - pMarket-input FaCMul + FaCAdd

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

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 7.1, 7.10 and 8.8.2.

4.13.2 Choice of regulations strategy

The choice of regulation strategy is done 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.

i EnergyPLAN 7.00: Startdata

File Edit Help

4= =]

Fru:untpage] | Fipat ] Cogt  Regulation l Elutput] Settings]
Regulation:

Chose Optimisation Strategy: Market Economic Optimization

If technical optimisation is selected, then 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 7.00: Startdata

File Edit Help

| ||| S|

Frl:untpage] [nput ] Ciost

Regulation:

Chose Optimisation Strategy: Technical Optimisation

Change technical regulation strakegy | 1 Mesting heat demands
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4.13.3 Choice of Critical Excess Electricity Production (CEEP) Regulation Strategy

The electric connection to external electricity markets is limited by the definition of the 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:

: 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 RESS

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

NN DN AW~

The seven possibilities are activated in a priority. If for instance "CEEP regulation" is stated as 23547,
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, 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.

In chapter 8, it is explained how the reduction of CEEP is calculated and what the specific difference
is between the options.

4.13.4 Grid Stabilisation Restrictions

The model calculates hour by hour and basically assumes that all production units can change
production from one hour to another. However, especially large steam turbine CHP or extraction
plants have difficulties in going below a certain technical minimum, typically 20% of max capacity.
Therefore, one can specify a minimum CHP3 production.

Apart from such minimum production, one can specify limitations in the operation in order to assure
grid stability. A certain percentage (30 percent 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. Therefore, one can
specify to which extent small CHPs in group 2 and RES units can provide grid stabilisation.
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5. Initial analyses not involving electricity balancing

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

5.1 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, Dgx, together
with hourly distribution, 6gx. The hour by hour values, dgx, are calculated as follows:

dex = Dgx * 0px / Z Sex

5.2 District heating demands incl. heat demands from absorption cooling
District heating demands in the three district heating groups, including the heating demand for
absorption cooling in the various groups are calculated in the following way.

For all three district heating groups, the demand is defined by an annual heat demand, Hpy, together
with the hourly distribution, dpy. The same goes for heat demands for absorption cooling in the
various district heating groups: Hcoo1 and 8cqo1. The hour by hour values, hpy, are calculated as follows:

hpy = Hpu *Spn /Z0pn T Hcool * 8cool / Z Scool

5.3 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 by the annual heat and electricity productions, Qiduswy-pn and Edusiry-n,
together with the hourly distribution, Sinaustry-ph.:

= *
qIndustry—DH - QIndustry—DH 6Industry—DH /Z 8Industry—DH

eIndustry—DH = EIndustry—D]—[ * 6Industl’y—DH /Z 6Industry-DH

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

qw Qw * 8w /Z dw

Cew = Ew*aw /28\)\]

Both Industry and Waste are calculated separately for all three district heating groups.

5.4 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 compensate properly. The compensation is
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calculated as a percentage of the annual district heating demand in groups 2 and 3 and afterwards
subtracted form the demand. Here shown for district heating group 2:

JrixedBoilerz = Hpmp * FixedPercents, / 8784

hpr2 = hpw - (FixedBoiler2

Later on (see section 8.1), the production is added to the boiler production:

g2 = qB2 1 QrixedBoiler2

The same calculation is done for district heating group 3.

5.5 Boiler production in district heating group 1
In group 1, heat for district heating is produced by:

1. Solar Thermal: Jsolarl

2. Industrial CHP (CSHP): Qindustry-DH1

3. Heat production from waste fuel:  qw

4. District heating plants with boilers: gg;

The productions from solar thermal, CSHP and waste are calculated for each hour from the input data

and the respective distribution sets. The production from the boiler is found as the difference between
demands and solar/CSHP productions:

qs1 = hpni - Qsolar - Qindustry-DH1 = Qw1

If qu<0 then q31:0
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6. Technical Energy System Analysis

The following chapter describes the technical energy systems analysis of step 3A in the overview.

6.1 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) are calculated continuously more or less after each of the
following sequences (sections 6.2 — 6.9) in the technical energy system analysis procedure.
The demand is calculated as the sum of the following demands:

drotr = de + dex + dex + deool + deic T dgey + dvag + dinptotat + dien + dupz + dups + dpymp + diydroPump

in which dgx = dpxpay T drxweek T drxaweek

and dgic = dgie2 + deies + deier + deiem

The production except from the condensing power plants is calculated as the sum of the following:
€Total = €Res T €M-CHP T CHydro T €Nuclear T €v2G T €w T €csup T €cup2 T €cHp3 T CTurbine
in which CRes = CResl + CRes2 + CRes3 + CRes4

and en.cap = €m-n2cHP + EM-NgasCHP T €M-BioCHP

The production at the condensation plants is determined as the larger of the following two values:
A. The difference between demand and production:
epp = drotal — €Total
B. The minimum production needed in order to fulfil the requirement of stabilising the grid:

Cpp = (eTotal*Stabtotal - eCHPZ*StabCHM - eReSI*StabResl - eRes2*StabRes2 - eRes3*StabRes3
- €Resa ™ Stabress - €cHp3 - ENuclear = CHydro - €v26) / (1 - Stabygar)

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.

In case epp exceeds the specified maximum value Cp, the necessary quantity of electricity production is
imported.

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

If (eTotal + Cpp - dTotal < 0) then eImport = Crotal + Cpp - dTotal or else eImpolrt =0
If (eTotal + Cpp - dTotal > 0) then eExporl = CTotal + Cpp - dTotal or else eExpcort =0

The export is divided into two categories: 1) Critical Excess Electricity Production, ecggp and 2)

Exportable Excess Electricity Production, egggp. Critical excess electricity production appears when
the export exceeds the maximum capacities of the grid connections abroad:
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If eExporl > CTransmission
then CCEEP = eExpcvn - Ctransmission and CEEEP = CTransmission

or else eceep = 0 and €EEEP = CExport

6.2 CHP, Heat Pumps and boilers in groups 2 and 3 (regulation 1 or 4)
Based on the modified “hour by hour distributions” described above and the rest of the input data, the
model calculates electricity and heat productions depending on the regulation strategy chosen.

6.2.1 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: Jsolar2

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

4. Heat plant CHP: qcupr2

5. Heat pumps: qup2

6. Peak load boilers: Js2

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

qenr2 = homa - Qsolar2 = Qindustry-DH2 = Qw2
If  qcupz > Tewpz then qenes = Tenro
qup2 = hpm2 - Qsolar2 = Qindustry-DH2 - Qw2 - cHP2
If  qupo > Tupy then qups = Thp
If  qup2 >hpmy * SHAREwp, then quez = hpia * SHAREp,
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, SHAREyp,. This limitation

corresponds to the fact that heat pumps should be used for the production of low temperature heat
only. The peak load boiler supplies the remaining demand:

qs2= hpm2 - Qsotar2 - Qindustry-DH2 = qw2 - qcHpP2 - qHP2
If e >Te then gpy =Tay
The model also controls that no heat production becomes negative and the resulting heat balance is

calculated and shown as a result. Due to limitations in capacities or excess productions from solar
thermal or industry/waste such result may show imbalances.
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6.2.2 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 a priority of peak load,
high load and low load. And the periods of the triple tariff are defined simply 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 the rest of the 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 the wind power.

6.3 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 for the “input electricity heating” window in section 4.1.

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 transportation window (described in section 4.8). Electricity for
transport can be made flexible in two ways. One comprises the smart charge and V2G possibilities in
the transportation window (section 4.8) and the other is to specify a flexible demand. The same
routines can be used for defining a certain percentage of the demand as flexible demand. This allows
for an analysis of the consequences of introducing flexible demands for cooling etc. within 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 4.8.

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 at the actual
peak hours for e.g. wind production - requires a method of communicating this knowledge to the
consumers). Section 4.1.

3. Demand which can be distributed freely over a week according to the actual electricity balance
(Similar to the above - relevant for consumers with extra battery capacity and for hydrogen-
operated vehicles). Section 4.1.

4. Demand which can be distributed freely over a four-week period (similar to the above - relevant
for 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 4.1.

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 6.1.
However, only productions and demands from units calculated up to now (i.e. steps 1 and 2 and
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section 6.2) 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. Cgx (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 the same way as for
the transport demands.

In diagrams 6.1 and 6.2, an example of how flexible demand reduces differences in the balance
between the supply from CHP and renewable energy and the demand is shown.

The example is given for 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

In diagram 6.1, it is illustrated how this situation in a three-day period in January has a continuous
CHP production of app. 3200 MW, and on top of this, a wind production increasing the total
production to between app. 3500 and 5000 MW,

|EIe::1rin::'rt':.f Production: 3 Davs in January

7.000
£.000
£.000

2 4000

= 3000
2.000
1.000

2 80 &5 90 93 100103 110115120123 130 135140143
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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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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 takes place during night hours and there is a lack of supply during day
hours, fluctuating along with the variations in the wind production.

At the next three levels of diagram 6.2, more and more 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.

6.4 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 6.2 (strategy 1 or 4).

6.4.2 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, ecpp, must at any time be lower or equal to the maximum
capacity, Ccpp, and to the capacity corresponding to the heat demand left by the industrial CHP
(including waste) and the solar thermal production. Within these limits it is determined as the larger of
the results of the following two considerations:

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:

ecup,iia = (€Total™ Staboal - €rEs1*Stabres) - €res2™Stabress - €ress*Stabress
- eresa™Stabress - €cHp3 - ENuclear - €Hydro) / Staberpa

B. The capacity which will be the result of reducing the CHP production found by strategy I,
ecup,1, in order to minimise the electricity export found by strategy I, €gxpor;. 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 by the maximum
share of the total heat demand, Shareyp ). 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 reduced by a factor

1+ TCHP/CCHP * 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, €gypor,-

58



For these reasons, the reduction has to be calculated in two steps:
a. Reduction of CHP plus increase of heat pump production:
€upmax = MiN( Cyp ; hpy * Sharepp)
€CHP,red,a = MIN ( eExport,I/ (1 + Tcup/Cenp * Cup/Thp) ; ( €Hpmax - €ap ) * Tup/Crp * Cenp/Tcnp )

CHP,inc,a = CCHP,red,a * Teur/Cenp * Cup/Yup

b. A possible further reduction of CHP only:
C€CHP,red,b = CExport,] = €CHP,red,a = CHP,inc,a

€cHP,II,B = €CHP,I = €CHP,red,a = CCHP,red.b

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

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

6.4.2 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.

In strategy 2, CHP will not be reduced (and the heat production 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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6.5 Hydro power

Hydro Power Units are defined by the following inputs:

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

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

Shyaro: The capacity of the Hydro Power storage in GWh

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

OdWhydro: The distribution of the energy/water supply in 8784 hour values

Additional input options are:

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

Cuydro-pump:  The capacity of the Hydro Power Pump in MW

Shyaro-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 4.3.2), the average hour by hour production is calculated based on the
water supply to the water reservoirs, which is then modified in order to maximise the potential
production when limitations in 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 former calculation.

How the input is calculated can be illustrated by an example with the following inputs:

Chiydro: 400 MW

“Hydro: 0.8.

Shydro: 1000 GWh

Wiiydro: 2.5 TWh/year

SWhydro: 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 to 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.

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.
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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 in water storage capacity
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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.

Hydro power input

—H ydro (WYY
800 atorage (GYWi'h)
700
/00

B —
00 f g I ), BN
CINR S |

a 2196 4392 B5ED 8754

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

The resulting annual hydro input production is shown simultaneously in the input window 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 transportation) before the
distribution of the flexible demand is determined as described in section 6.3. And in all technical
regulation strategies 1, 2, 3 and 4, the above baseline hydro power production is included when the
power production from the rest of the units is determined.

Afterwards the condensing power and import/export are calculated again in accordance with section
6.1, and the hydro power is then used for replacing the condensing units and decreasing first CEEP
and secondly EEEP in the following way:

First, the potential of replacing the condensing power plant (€uydro-inc) 1S determined as the minimum
value of either the production of the condensing unit or the difference between hydro power capacity
and hydro power production.

eHydro—Inc =MIN (ePP 5 (CHydro - eHydro)

The hydro production, epyar, is defined as the production found in the initial calculation of section
4.3.2 as illustrated above.

The potential of decreasing hydro power in the case of CEEP (euydro-nec-ceep) 1 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:

CHydro-Dec-CEEP — MIN (eceep , el—lydro)

eHydro—Dec—CEEP <= eHydro - eHydro—Min—Grid—Stab
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In the case of reversal hydro power, i.e. a pump and lower water storage, the potential of decreasing
CEEP further (€pydro-pump-Dec-cerp) 18 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, Siydro-pump:

CHydro-Pump-Dec-CEEP — MIN [(eceep - eHydro-Dec-CEEP) s CHydro—PUMP > SHydro-PUMP / HHydro-PUMP ]
In the same way, the potential of decreasing hydro power in the case of EEEP (epyqro-pec-eep) 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 in EEEP.

z eHydro—lnc =X eHydro—Dec—CEEP +X eHydro—Dec—EEEP

Similar to the previous modelling of the hydro power input, the programme again calculates the hour
by hour modelling of the system including the fluctuations in the storage content. The hydro power
production (emyaro) 1S 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 + Wiygro
eHydro = eHydro + eHydro—Inc - eHydro—Dec—CEEP - eHydro—Dec—EEEP
€Hydro-mput <= (Hydro-storage-content - Siyaro)™ Heiydro

eHydro—Input <= CHydro

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 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.

How the input is calculated 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 is used for replacing the condensing plant and reducing the excess production.
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Electricity production without hydro
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Diagram 6.7:Hydro power is regulated to decrease excess and condensing power productions.
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6.6 Individual CHP and Heat Pump systems

The calculations of individual CHP and Heat Pumps systems are based on the initial calculations of
section 4.6. If heat storage capacity is specified then the following moderation will be carried out and
replace the previous productions.

6.6.1 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:

JSolar-M-H2CHP — Max [qSolar-M—HZCHP , Bveroene + (SSolar-M-H2CHP - SSolar—M—HZCHP) ]

In case of CEEP

If the solar production is lower than the heat demand and CEEP is positive then 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:

Qm-nzcne = Max [0, (hyezcnp - Ssolar-M-n2chp - qSolar-M-H2CHP)]

If such CHP heat production exceeds the capacity then the boiler is operated and the CHP heat
production is reduced to the capacity

qm-rzcip-Boiler = MaxX [0, (Tyirzcne - Quonzene) ]

Qum-rzcne = Min [Quenacup > Twvesacur]

In case of condensing power production

If the condensing power production is positive then the micro CHP unit will try to produce at
maximum capacity. And 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:

qM—HZCHP = Mln [TM-HZCHP s (hM—HZCHP - qSolar-M-HZCHP + (SSoIar—M—HZCHP - sSoIar—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. In between each calculation, the
condensing power and excess productions are calculated.

6.6.2 Heat pump system

After calculating the CHP systems, the heat pumps 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:

Jsolar-m-np = Max [qSolar—M-HP , v + (Ssolar-M-HP — SSolar-M-HP) ]

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, then the heat demand will be supplied by the heat storage if possible. And only in the
case that this can not be done, the heat pump units will be operated. Consequently, the heat pump heat
production is calculated as follows:

qm-ne = Max [0, (hyup - Ssolar-m-tp = Qsotar-m-1p) ]
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If the heat produced by the heat pump exceeds the capacity, then the electric boiler is operated and the
heat pump production is reduced to the capacity

In case of CEEP
If CEEP is positive then the heat pump units will try to produce maximum capacity. And only in the
case that excess heat production can not be stored, the heat pump units will be decreased accordingly.

Consequently, the heat production of the heat pump is calculated as follows:

Qu-np-en = Max [0, (Tyene - Quene)]

qm-np = Min [qM-HP » Tnmonp)

Qu-ne = Min [Tyenp 5 (hyewe - (solar-M-Hp T (Ssotar-m-p = Ssolar-m-tp)) ]
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Diagram 6.8: When heat storage capacity

is added to the individual micro CHP systems (the two
lower diagrams) then the system excess production and power-only production are decreased
compared to the reference without any thermal storage (the two upper diagrams).
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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 hour distribution is shown in the upper
diagrams for a week in January and a week in July. 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 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 for a decrease in the power plant production and the excess
production of the total system.

In diagram 6.9, the same calculations are shown in which solar thermal is added to the system. I 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 then 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 power-only production and the excess production of the

system.
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Diagram 6.9: Corresponds to diagram 6.8 plus solar thermal, which is then prioritized.
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6.7 Electrolyser for micro CHP, Transportation, DH groups 2 and 3

Four electrolyser systems are described in the model. Two of these are systems which are meant 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 and for transportation. The electrolyser is
meant to be a hydrolyser (producing hydrogen) but can be used for modelling any kind of equipment
converting electricity into fuel and heat.

6.7.1 Electrolysers for hydrogen production to individual micro CHP systems

The calculation is based on the result of the input calculation in section 4.6.4., in which the minimum
capacity of the electrolyser is identified together with the electricity demand dgim. The model seeks to
reorganise such production in order to avoid excess and power-only productions.

First, the potential of 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:

deieMeinepot = Min [ eceep , (Criem — deiem) |

Secondly, the potential of decreasing production at hours of power-only production is identified as the
lower value of either the power production or the electrolyser demand.

dEch—dec—pot = Min [ epp , dgiem |

Then a balance is created in which either the potential of increasing or the potential of decreasing is
lowered so that the annual potentials are the same:

If DE]CM—deC—pot > DE]CM—inc—pot then dEch—dec—pot = dEch—dec—pot * DEch—inc—pot /DEICM—dec—pot
= %
If DEch—inc—pot > DEch—dec—pot then dEch—inc—pot - dEch—inc—pot DEch—dec—pot / DEch—inc—pot

A new optimal distribution of the electrolyser electricity demand (producing exactly the same annual
fuel as before) is calculated as:

dEch = dEch - dEch—dec—pot + dEch—inc—pol

Finally, such distribution is evaluated against the hydrogen storage capacity. First, the changes in
storage content sgi.\ are calculated

sEieM(X) = Seiem(X-1) + deiem(X) * Otgiem = fvNgascrp-Total (X)

If the storage content based on such calculation is below zero, the production on the electrolyser is
raised:

If spem <O then dgiem = deiem + (— SEiem / Oleiem)

And if the storage content exceeds the storage capacity then the production on the electrolyser is
decreased:

If Seiem > Sgiem then dgiev = deiem + (SEiem = SEiem)

6.7.2 Electrolysers for hydrogen production to transportation
After calculating the regulation of the electrolyser for individual micro hydrogen CHP systems the
calculation of excess and power-only production (section 6.1) is repeated, and then the calculation of
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the hydrogen production for transportation is done exactly the same way as for the micro CHP, as
described above in section 6.7.1.

6.7.3 Electrolysers in district heating systems

The regulation of the electrolysers in the district heating system is used solely in order 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 have to fulfil the demands of the hydrogen CHP and transportation 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 6.1) is repeated.

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, then the use of electrolysers is simply calculated as the
minimum value of either the CEEP value or the capacity of the electrolysers.

If ppc =0 Then eg, = min (ecgep, Cric)

If the thermal efficiency is positive, the heat of the electrolyser is used for reducing heat production of
other units according to the following priority:

- reduce boiler production

- reduce CHP production

- reduce heat pump production

- wasted

Stepl: 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 as the heat production of the boiler

divided 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 (ecgep , Ceic » 8 / PEIc)
eceep = €ceep — Potential
epc = Potential
gric = Potential * pg.
gs = g - 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
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influences the excess production, as the CHP production is decreased and the electrolyser consumption
is increased. The factor is determined by the following equations:

decerp = O€chp + O€EIe
dqcrp = Oqric
OqEic = O€pic * PEIc
dqcup = Oecup * Pcup / Henp
The factor then becomes:
Factor=1+ pcup / (Ucup * 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 found as the critical excess production divided by the factor. Again, the
potential replacement of the CHP unit is found 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 [ ecgep / Faktor , (Cgic - €pic) , qene / PEic |
In the case of group 3, the potential reduction in the heat production of the CHP unit is found as the
difference between the actual production and the minimum production according to the regulation
inputs.
In group 3: Potential = min [ ecgep / Faktor , (Cgics - €gie3) » (qcnps - qcHp3-minimum ) / PELc |

Again, the excess production and the production of the CHP and the electrolyser are then adjusted
accordingly similar to the previous case of the boiler.

Step 3: Replace the heat production of the heat pump

If the excess production is still positive then 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 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:

deceep = Oepp + OCgc
3qup = OqEic
OqE = O€g1 * PEic
Squp = Oemp * Qup
And the factor then becomes:

Factor = ¢pp / pgic - 1

70



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 found as the critical excess production divided by the factor. Again, the
potential replacement of the HP unit is found as the minimum value of either such reduction or the
capacity of the electrolyser or the electricity consumption responding to the heat production on the HP
unit.

Potential = min (ecggp / Faktor , (Cgic - €gic), qup/ PEic)

Again, the excess production and the production of the HP and the electrolyser are then adjusted
accordingly similar to the previous case of the boiler and the CHP.

Step 4: Electrolyser heat production is wasted

If the excess production is still positive then the potential increase in the electrolyser is simply found
as the minimum value of either the excess production or the remaining increase up to the capacity of
the electrolyser.

Potential = min [ ecggp, (CEie - €g1c) |

The excess production and the production of the electrolyser are then adjusted accordingly.

6.8 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: Increasing the use of HP in situations with electricity export.
B: Moving the electricity production from condensing plants, e,, to CHP plants

In two situations, the storage can be unloaded:
C: Reducing the CHP production in situations with electricity export
D: 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 ecggp and CHP in group 3
2: Critical excess electricity production ecggp and CHP in group 2
3: Exportable excess electricity export, egggp and CHP in group 3
4: Exportable excess electricity export, egggp and CHP in group 2

In order to achieve balance, the calculations are performed over a series of 2-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, qupi,. and the
potential increase in storage content, s, are determined.
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qup-inc = Min (€gep , Crp-€np) * (Tup/Crip)
Sinc = SpH — SpH
New values can now be calculated:
eup = €up T MIN(qup-inc 5 Sinc) * (Crp/Trp)
€EEp = CEEP - MIN(qp-inc > Sinc) * (Crp/ Trip)
qup = qup + MIN(qHp-inc » Sinc)
SpH = SpH T MIN(qgp-inc 5 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 6.1 for more details):

€pp-min = (€Tota™Stabyoral - €cp2*Stabcrps - €res1*Stabres - €rpsa*Stabres) - €rpss*Stabress
- eresa ™ Stabress - €chps - Enuclear - CHydro - evag) / (1 - Stabyora)

Then the potential increase in district heating production from CHP, qcpp.inc, and the potential increase
in storage content, s;,., are determined

qcp-ine = min [ (Cenp — €cup) ; (€pp — €ppomin) |
Sinc = SpH — SpH

New values can now be calculated:

€cup = €cup + Min(qcup-ine » Sinc) * (Ceup/Tenp)

epp = €pp - MIN(qcup-inc > Sinc) * (Cenp/Tenp)
denp = Cenp + MIN(qcup-ine » Sinc)
SpH = Spi T MIN(qcHp-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 = (€Total*Stabiotal - €res1 *Stabres - €res2*Stabres) - erpss™*Stabress
- eresa ™ Stabress — (€pp/ Stabrogr) - €crps - nuclear - eHydro) / Stabcpps

And in the case of DH group 3:

€CHP3-min = CTotal” Stabiotal - €rES1*Stabresi - €rps2*Stabress - €rps3*Stabress
- eress ™ Stabgress — (€pp/ Stabrotar) - exuctear - €Hydro — (€chp2/ Staberp: )

If ecips-min < Ccups-min theN ecups-min < Cenpi-min
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Secondly, the potential of decreasing the CHP heat production, cup.red, 1s found 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(egep 5 €chp — €chp-min) * (Terp/Cenp)

New values can now be calculated:

€cup = €cup - Min(qcup-red » Spn) * (Cenr/Tenp)

CEEP = CEEP - min(QCHP-red ) SDH) * (CCHP/ TCHP)

qcup = qenp - MIN(cHp-red » SpH)
SDH = SpH - MIN(]CHP-red » SDH)
D: Reducing boiler production.
First, the smallest potential reduction in boiler production, gg_q, and the potential reduction in storage
content, S.q, are determined:
gB-red = gB

New values can now be calculated:

qs = qs— MIN(qB-red ; SpH)

SpH = SpH - min(CIB-red 5 SDH)
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6.9 Transportation (Smart charge and V2G)

Definition of inputs:

Dvaa: Transportation Demand of V2G cars in TWh/year (defined as demand from the grid)
Ovag: The distribution of the transportation demand in 8784 hourly values.

(The numbers are relative e.g. each ranging 0 to 1).
Cocharger: The capacity of the grid connection in MW
V2Gpmaxshare:  The maximum share of V2G cars which are driving during peak demand hour.
HCharger: The efficiency of the grid to battery connection (charger).
Winverter: The efficiency of the battery to grid connection (inverter).

SvaG-Battry: The capacity of the battery storage in GWh
V2Gconnection-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 1S
calculated on the basis of the line 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 transportation 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 V2Gyjax.snare (the maximum share of V2G cars
which are driving during peak demand hour) and the V2Gconnection-share, d€termines the fraction of the
V2G fleet that is available to the electrical system at any given hour. The other purpose for dv, is to
determine the discharging of the battery storage for driving.

Initial input calculations
The hourly transportation demand and thereby the discharging of the battery (tv,g) is calculated as
follows:

tvag = [ Dvag * Ovag / Z Ovag | ™ Neuarce

The grid connection capacity of the total V2G fleet on an hourly basis (cy,g) will be calculated as
follows:

Cvag = CCharger * V2GConnection—Share * ((1‘ VZGMax—Share) + V2GMax—Share *(1 - 6VZG/I\/IaX(aVZG))

This formula is constituted by three factors. The first factor is Ccnareer » the power capacity of the entire
V2G fleet. This is multiplied by V2Gconnection-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. Further decomposing the third parenthesized factor, it consists of the sum of two terms. The first
term, (1- V2Gpax-share), r€presents 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 cyg , 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; the latter is 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 transportation becomes
Dv,6=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 another one 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 transportation 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.

Demand / discharging of battery in MWh/h
1000
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0 T T T T T T
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Diagram 6.11: Transportation demand and discharging of battery.

The calculation of the available grid connection depends on the definition of both the maximum share
of V2G cars, V2Gyaxsnare, and the share of parked vehicles which are connected, V2Gconnectionshare- 1f
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 Ccharger, Subtracting the few vehicles that are driving.

Even during peak demand (rush hour), the model does not assume all vehicles to be driving. By setting
the V2Guuxshare 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 V2Gyaxsnare 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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Diagram 6.12: The model calculation of the available grid connection for three different combinations
of input definitions.
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In the lower figure of diagram 6.12, the input of the share of parked vehicles which are connected,
V2Gcomectionshare, Nas 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 on 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, the model assumes for simplicity that the batteries for the cars are scheduled to
be fully loaded when they disconnect and start driving. Consequently, the model does not gain much
from keeping separate account on the share of the battery, which is not connected, since this part
would typically within the hour be fully loaded anyway. However, the share representing the cars
driving will discharge 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, Svag_pattery.

The model is required to make sure that the individual car is fully loaded before it is planned to
disconnect. 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 taken on
Saturdays, the battery may not need to be fully charged at early mornings during weekdays.)

The model assumes that the scheduler on each car is 100% accurate about when the driver will need to
drive again. Therefore, the scheduler is assumed to prioritize 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’
driving needs, and if there is not enough in the big battery for this, then the charging is forced even in
the case of lack of excess production, specifically, if needed, fossil fuel power plants will be switched
on if there is not enough excess wind.

Such procedure simulates a situation in which the individual car owner will make priorities on how to
optimise between low costs of charging and security of fully loaded batteries when starting to drive.
The car owner does this by setting prices and limitations to 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 necessary number of hours to be able 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 transportation 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” is 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 one 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 optimized 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.
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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 for that hour (ecggp) and available battery energy capacity (Svyac.
Battery = SV2G-Battery) Within the limitations of the power capacity of the grid connection (cy,g) for that
hour. Thus, the formula takes the minimum of these three values:

CCharge = MIN [ecEEp, (szG-Bamy - SVZG—Battery) / Mcharge 5 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

SVZG—Battary—min = 2 tVZG
aty

Then the charging of the battery is adjusted accordingly, by requiring that:

CCharge >= [SV2G-battery - Sv2G-Battary-min ]/ Mcharge

If echarge becomes higher than the capacity of the grid connection cy,g then the number of hours, y, is
raised by one, and the calculations start all over again.

The new battery content is then calculated by adding the above charging and subtracting the
discharging caused by driving (tv,g):

SV2G-Battery -~ SV2G-Battery ~ tvag (eCharge / uCharge)

The V2G cars are told to supply to the grid in the case of potential replacement of production from
power plants (epp) and available stored electricity in the battery after the supply of the transportation
demand:

Cinv = min [epl’a ((SV2G—Battery - SV2G-Battery —mi11)>l< “Inv )a Cv2G ]

The resulting new battery content is then calculated as follows

SVZG—Battery = SVZG—Battery - (elnv / Hlnv)

Due to differences in the battery storage content between 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 former calculation. Such procedure is
repeated until the difference is insignificant.
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6.10 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.
Meanwhile, the hydro storage can be used for modelling any kind of electricity storage such as for
example batteries.

The regulation of the storage is used solely in order 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 (Scags — Scags) i calculated and the electricity demand of the
pump (€pump) 1S found as the minimum value of the following three figures:

- ecEgp, the critical excess production

- (Scaes—Scaes) / opump available storage capacity divided by the pump efficiency

- Cpump, the maximum capacity of the pump.

If eceep> 0 then epymp:= min [ ecgep, (Scars — Scaks) / Wpump » Crump

SCAES = SCAES T €pump / Olpump

The turbine is used for emptying the storage by replacing the power plant if the production from the
power plant, epp > 0. In such case, the content of the storage (scags) is identified and the electricity
production of the turbine (€tymwine) 1S found as the minimum value of the following three figures:

- epp, the electricity production of the power plant

- Scaes ¥ Wrurbine> Storage content multiplied by the turbine efficiency

- Crumbine, the maximum capacity of the turbine.

If epp> 0 then erumine:= min [epp, Scaks * Hrurbines Crurbine)

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 former 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 being the fuel consumption at the electricity production stage. Consequently, one has to
specify a CAES fuel ratio, ¢cags, which is defined as fuel input divided by the electricity production of
the turbine, etumine

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.
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The compressor is utilized 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. In the case of having
pumped hydro storage into the system, this is prioritized over the CAES plant operation.

The turbine is utilized in order to replace power plant production.
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7. Market-Economic Optimisation

If market-economic regulation is chosen in the input regulation window 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 lowest cost solution of the system,
assuming an electricity market on which all plant operators seek to optimise their business-economic
profit.

7.1 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 7.2 — 7.9) in the market-economic optimisation procedure.

7.1.1 Calculating the resulting market price
First, the net import is identified as the difference between the electricity demand dro, and the supply
CTotal

dNet-lmport = dTotal = CTotal

drotar = dg + dpx + dpx + dcoot T dic T dgev + dvag + diipootal + dien + dupz + dips + dpump T diiydropump
in which dex = dpxpay + drxweek + dFxaweek
and dgic = deie2 + deies + dpier + deiem
€Total = €pp TC€RES T €M-CHP T CHydro T €Nuclear T €v2G T €w T €csup t €cup2 T €chps T €cHp3-MIN TCTurbine
in which eggs = €resi + €res2 + €res3 T €rEss
and ey.cap = €m-n2cHP  EM-NgasCHP T €M-BioCHP

In the calculation of the net import, the production from CHP3 is divided into ecyp; and ecyps-min as
explained in section 7.3 below.

The market price on the external market, px, is now found as follows:
Px = Di + (p1 / Po )* Facdepend * dNet—Import
where  p; is the system market price (see section 4.3),
Facgepend 1 the price elasticity (DKK/MWh/MW)
P. 1s the basic price level for price elasticity (input),

dNet-import 18 the trade on the market.

Import is calculated as positive and export is negative, resulting in an increase in the market price in
case of import and a decrease in case of export.
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7.1.2 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, dxe.mpors 1S calculated as well as the market price, px, as described above in
section 7.1.1, when the electricity production of the geothermal power plant is zero.

Then the balance production is calculated as follows:
BalanceProductiongeotherma = - [ ( VEPPGeothermal = Px ) / (FaCepend * Px / Po) = dNet-import]

where  VEEPgGeothermar 1S the marginal production cost of geothermal power production
Px is the market price before geothermal production (see section 7.1.1),
Facgepend 1s the price elasticity (DKK/MWh/MW)
Po 1s the basic price level for price elasticity (input),
dnet-import 18 the trade on the market before geothermal production

The formula is typically subject to the limitations of power plant capacity.

7.2 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 window as described in section 4.13.
The fluctuations of the market prices are presented as an hour by hour distribution file. One can
change such prices by adding or multiplying figures as described in section 4.13. The influence of
import/export on the external market prices is given in terms of a dependency factor (price elasticity
and an 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, CO2 costs and variable
operation costs as described in section 4.11. 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 electricity production/consumption. For storage units such as hydrogen CHP and pump
storage systems, marginal costs are given in a multiplication factor together with an addition factor.
Basically, the optimisation criterion is the following:

Psell > Pouy * fmur + fabp

In which psen  1s the market electricity price when selling (DKK/MWh)
Pouy 1S the market electricity price when buying (DKK/MWh)
fmur 1s the multiplication factor (always higher than 1), and
fapp is the addition factor (DKK/MWh)
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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 6.3)
- 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 lowest costs solutions of buying the minimum amount of electricity needed to meet the following
demands are identified, given the market price fluctuations and limitations in storage capacities etc.:

- for producing hydrogen to transportation

- for charging electric vehicles

- for producing hydrogen for micro CHP systems

When identifying the lowest 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 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 window (see section 4.11).

Step 5: Optimising electricity consumption options
Then the following electricity-consuming options are sorted according to the highest 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).

Step 6: Optimising hydro power
Then the best business-economic production from hydro power is identified taking into consideration
limitations in storage and generator capacities.

In the case of pump possibilities, the optimal business-economic solution of buying and selling are
identified on the basis of the multiplication and addition factors identified in the Cost Operation
window (see section 4.11).

Step 7: Optimising electricity production options
Then the following electricity production options are 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
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- CHP replacing heat pumps in gr. 2

- CHP replacing heat pumps in 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 in transmission lines are taken into consideration by setting a limit to the production of
each unit so that the total export will not exceed the transmission capacity (if possible).

Limitations in 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.

Step 10: Critical Excess Production
Any critical excess production is removed following the usual procedure of the technical optimisation
of EnergyPLAN (see chapter 8).

7.3 CHP3 minimum production

If a minimum CHP production in district heating group 3 is specified as input in the Regulation
window (see section 4.13), then such minimum capacity is treated separately from the rest of the CHP
capacityproduction.

In the beginning of the optimisation procedure, the electricity production, ecups-mi, 1S set as equal to
the CHP3 minimum capacity, Ccups.mm, 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.

ecup3-Min = CcHp3-Min
L= S /
qcHp3-Min = €cHP3-Min ~ PcHP3 / HCHP3

It qcnps-min > dpus — qsolars — Qw3 — Qindusiry-Di3 TN qenpa-min = dpHs — Qsolars — W3 — Qindustry-DH3

The CHP3 capacity is then decreased by the minimum capacity when the optimisation procedure of
section 7.8 is done. In the end (after section 7.4 to 7.9), the two sets of production are combined in one
resulting CHP3 electricity and heat production.

7.4 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:

gs = hpy — {Solar — qw - qcsHp
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7.5 Hydrogen and electricity demands for transportation and micro CHP

Lowest costs solutions of buying the minimum amount of electricity required to meet the following
demands are identified given the market price fluctuations and limitations in storage capacities etc.

- for producing hydrogen to transportation

- for charging electric vehicles

- for producing hydrogen for micro CHP systems

7.5.1. Hydrogen for transportation
The model seeks to minimise the business-economic costs of buying electricity to meet the specified
hydrogen demand for transportation.

First, the annual electricity demand, Drpngporti2, 1S calculated on the basis of the annual hydrogen
demand, Frnsporen2, (specified in the Input Transport window, section 4.8) and the electrolyser
efficiency, agr, (specified in the Input Storage window, section 4.4):

DTranspon-HZ = FTransport—HZ / QLEICT

The minimum number of electrolyser production hours, h-MINg.r, is calculated as the demand
divided by the capacity of the electrolyser:

h'1\/HNElcT = round ( DTransport—HZ / CEICT)

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 7.1. Based on these prices, the model identifies the hours of
lowest cost production, i.e. the hours up to h-MINg.r with the lowest market prices. The model
identifies the maximum buying price, pgrer-max, if all production hours are placed at times with the
lowest possible market prices:

The model now includes the limitations in the hydrogen storage. Basically the electrolysers produce
whenever the market price, px, is below pgiermax:

If px < prermax  then eger = Cpier  €lse eger =0

Then the hydrogen storage content of hour x, sg,.1(X), is calculated:

SeieT(X) = Spier(X-1) + €gier * Ogier - fTransport—HZ

If the storage content at hour x becomes negative, the model looks back from hour x to the nearest
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 nearest 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 do no longer exceed 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.
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7. 5.2 Electricity demand for transportation (BEV and V2G)

In the input, electricity for transportation is divided into three options. The one is specifying a fixed
electricity demand. Such demand is included in the demand as shown in section 7.1.1. The two other
options is 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.

The starting point for the optimisation is the hourly calculation of the electricity demand (from the
grid), dvug, the transportation demand (from the battery), ty,g, and the charging and discharging
capacity, cvyg, calculated as described in section 6.9. 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.

The modelling starts by assuming infinite battery storage capacity and identify by iteration the
maximum price of buying, Pnax.ouy, When the difference between charging and discharging fulfil the
electricity demand for transportation.
The iteration is done as follows:
First a Pyax by value is assumed.
If the system price is below Pax.buy then the maximum charging, which will still leave the system price
below Ppacbuy, 15 identified, as described under section 7.1.2. Such charging is then activated taking
into account limitations in charging capacity.
Then the minimum selling price which will provide a profit is identified as:

Puin-selt > PMax-Buy * fMuL-vac + fabp-vac
If the system price is above Py then the maximum discharging, which will still leave the system
price above Pi.sen, 18 identified, as described under section 7.1.2. Such charging is then activated
taking into account limitations in discharging capacity.
After calculating the whole year, the annual charging and discharging values are compared to the
electricity transportation demand. The P.cbuy 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 Pyay.buy value, the model takes into consideration the storage limitations in the following
way:

The battery storage content of hour X, sy,g(x), is calculated:

Sv26(X) = svag(x-1) + dyag * Wcharger = tvag - €vag / Moy

If the battery storage content in 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 in hour x exceeds the capacity of the storage, the model
simply decreases the charging until a balance is found.
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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.

7.5.3. 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 by hydrogen only, and consequently,
the annual hydrogen demand can vary by shifting from the CHP unit to the boiler and back again.
Moreover, both hydrogen and heat storage can be specified which provides for flexibility both as
regards when to buy and when to sell electricity on the market.

Then, the model identifies hour by hour the lowest 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, 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.

Boiler production is the starting point

Then the minimum hydrogen demand, fyiazchp-Total, @nd corresponding electrolyser electricity demand,
epieM, are found in the case when the heating demand after solar thermal production is supplied by the
boiler only.

M-H2CHP-Boiler = NM-H2CHP — qSolar-M-H2CHP
fM-H2CHP-Total = qM-H2CHP-Boiler / PM-NgasCHP-Boiler

€ieM = fMoracHp-Total / OlEleM

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 marginal
lowest cost hour of hydrogen production. Based on the market price at such hour y, pyuy, the minimum
selling price of the CHP unit in hour x, py , which will provide a profit, is calculated as the market
price at hour y adjusted for the multiplication and addition prices factors found in section 4.11, which
adjust for efficiencies and variable operation costs.

*
Psell = Pbuy fmur-m-m2cup T fADD-M-H2CHP

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 found 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 psenn < px(x) then em-mzcup = Cmomacnr €158 e = 0
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If it is decided to operate the CHP unit, then the heat storage content is identified:

SM-H2CHP(X) = Smmzcup(X-1) - hv-rocnp - {Solar-M-H2CHP =~ {M-H2CHP

If at hour x, the heat storage content exceeds the capacity then the model looks back from hour x to the
nearest 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 do not
exceed the capacity.

If, on the other hand, the heat storage at hour x becomes below zero, then the boiler is activated.

Identifying minimum production costs of the electrolyser

Based on the optimal hydrogen demand, Fyimacup.tora, identified above, the electrolysers are now
optimised in the same way as were the electrolysers for hydrogen production for transportation. The
annual electricity demand Dgyy is calculated on the basis of the annual hydrogen demand, Fyipachp-
Total, and the electrolysers’ efficiency, agem (specified in the Input Storage window, section 4.4).

Deiem = Fumemocnp-totat / Oliem

The minimum number of electrolyser production hours, h-MINgy, is calculated as the demand
divided by the capacity of the electrolyser:

h-MINElCM = round ( DEch /CEICM)

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 7.1. On the basis of these prices, the model identifies the hours of
lowest cost production, i.e. the hours up to h-MINg with the lowest market prices. The model also
identifies the maximum price, pgrermax, of buying if all production hours are done at the lowest
possible market price.

Including hydrogen storage capacity limitations
The model now includes the limitations in the hydrogen storage in the same way as for the
transportation hydrogen production described in section 7.5.1.

7.6 Electricity Consumption from Heat Pumps and DH electrolysers
The following electricity-consuming options are sorted according to the highest 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).

7.6.1 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 then optimised according to market electricity prices in the following way:
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First, the system price, px, is calculated and the balance production of the heat pump,
BalanceProductiongp,, is found as described in section 7.1.

Then the balance production is limited by the capacity of the heat pump:
If BalanceProductionyp,; <0 then BalanceProductiongp,; = 0
If BalanceProductionyp; > Cyp  then BalanceProductionyp; = Cyp
And the corresponding thermal output is calculated:
gup2 = BalanceProductiongp; * dpps

If the corresponding heat production is lower than the boiler production, then the boiler production is
simply reduced accordingly:

If que.<qm: then qg:=dqgs2 - que

However, if the corresponding heat production is higher than the boiler heat production, then the
boiler production is set to zero and the heat storage is included in the calculation in the following way:

If que2>qs> then spm =spm + (que2 —gs2) and gy =0
If such increase in the storage content at hour x has the consequence that the content exceeds the
storage capacity ( spy > Spy ), then the model looks back from hour x to the nearest hour at which the
content in the storage was empty (lower than the heat production of the heat pump at hour x) and
identifies the hour y with the highest market price at which the heat pump was producing. 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.
7.6.2 Electrolysers replacing boilers in district heating groups 2 and 3
If the option of electrolysers replacing boilers in district heating group 2 has the highest marginal cost,

it is then 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.,, 1s found as described in section 7.1.

Then the balance production is limited by the capacity of the heat pump:
If BalanceProductiong, <0 then BalanceProductiong, =0
If BalanceProductiong, > Cr then BalanceProductionge; = Criea
And the corresponding thermal output is calculated:
geie2 = BalanceProductionge; * pgic

If the corresponding heat production is lower than the boiler production, then the boiler production is
simply reduced accordingly; and if it is higher, then the electrolyser production is reduced:
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If gee2<gs2 then g =g — qeie
If gei2>qs: then qee=qs: and gqg; =0
Finally, the electricity consumption of the electrolyser is found as:
dri2 = g2/ PEI2
The procedure is done in the same way for the electrolysers in district heating group 3.
7.6.3 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 and given the capacity of the heat storage.

Then the system price, px, is calculated and the balance production of the heat pump,
BalanceProductiony.pp, 1s found, as described in section 7.1.

The balance production is limited by the capacity of the heat pump:
If BalanceProduction, yp <0 then BalanceProduction;yp =0
If BalanceProductionyp > Cryp then BalanceProductionygp = Cryp

The corresponding thermal output is calculated:

qr.up = BalanceProduction;.yp * ¢rup
Now the heat storage content at hour x is calculated as

stap(X) = seap(X-1) + qrnp + qrap-solar — hrnp

If the storage content goes below zero, then the electric heating boiler is started:

If siup <0 then qrup-poiler = - SLHP
If the storage content at hour x exceeds the storage capacity ( spy > Spy ), then the model looks back
from hour x to the nearest hour at which the content in the storage was empty (lower than the heat
production of the heat pump at hour x) and identifies the hour y with the highest market price at which

the heat pump was producing. Such production at hour y represents the best alternative to decreasing
productions in order to avoid overload at hour x.
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7.7 Hydro Power

The best business-economic production from hydro power is identified taking into consideration
limitations in storage and generator capacities. In the case of pump possibilities, 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 window (see section 4.11). The optimisation is done in the following
way:

First, the maximum potential hydro power production Epuyar, is calculated, as described in section
4.3.2, taking into account the distribution of the water supply, the limitations in 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'1\/IH\IHyd1ro = round (EHydro / CHydro)

Then the model identifies the best hours of production, i.e. the hours up to h-MINyy4,, with the highest
market prices. The model identifies the minimum production price, Prydro-min, if all production hours
are done at the highest possible market prices.

The model now includes the limitations in the hydrogen storage in the following way. Basically,
hydro power is produced whenever the market price, px, is above Priydro-Min:

If Px > pHydro—Min then el-[ydro = 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,
Phydro-min- 1f, at 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
nearest 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, pguy »
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 4.11, which adjust for efficiencies and variable pump and

turbine costs.
PSell > pBuy * fMUL—HydroPump + fADD—Hydrchump

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, dpydro-pump, 1S activated:

prSell < pX(X) then dHydroPump = CHydroPump else dHydroPump: 0

Now the hydrogen storage content of hour X, Suydro(X), 1s calculated:

SHydro(X) = SHydro(x'l) + WHydro = eHydro / HHydro + dHydroPump * OLHydroPump
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If the storage content at hour x becomes negative, the model looks back from hour x to the nearest
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 nearest 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.

7.8 Electricity Consumption of Heat Pumps and DH electrolysers

The following electricity production options are sorted according to the lowest 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 pumps in 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 in transmission lines are taken into consideration by setting a limit to the production of
each unit so that the total export does not exceed the transmission capacity (if possible).

Limitations in 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.

7.8.1 Nuclear
Nuclear 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 of section 4.3.3 in which the
production is simply determined by capacity and hour by hour distribution.

Then the system price, px, is calculated and the balance production of the nuclear power plant,
BalanceProductionyygiear, 18 found as described in section 7.1.
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If the balance production price is lower than the production found in section 4.3.3, the production is
reduced accordingly.

7.8.2 Geothermal
Geothermal power is calculated in the same way as nuclear.

7.8.3 Condensing power plants
Condensing power production is optimised simply by identifying the system price, px, and the balance
production of the condensing power plant, BalanceProductiongp, as described in section 7.1.

epp = BalanceProductionpp,

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.

7.8.4 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.ngascrp, as described in section 7.1. The electricity production of the CHP unit is
found as the minimum of either the CHP capacity or balance production, which will influence the
market price to such extent that it becomes equal to the minimum selling price.

CM-NgasCHP = Min (CM—NgasCHP 5 BalanCePrOdUCtionM—NgasCHP)
The heat storage content at hour x is calculated:
SM—NgasCHP(X) = SM—NgasCHP(X'l) - 1llM—NgasCHP - qSolar—M—NgasCHP - qM—NgaSCHP

If the heat storage content exceeds the capacity at hour x, the model looks back from hour x to the
nearest 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, then the boiler is activated.

Here, the optimisation procedure is shown for the natural gas CHP system. The same procedure is
used for the biomass CHP system.

7.8.5 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.g, as described in section 7.1.
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The balance production is added to the former production (if any) arsing from CHP replacing either
heat pumps or electrolysers as described in sections 7.8.6 and 7.8.7 below.

ecur = €cup T BalanceProductioncyp.g,
The production is adjusted to the limit of zero and the capacity Ccpp. 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 is defined as zero:

qcup = €cup * Pcnp / Uerp

=0

Then the heat storage spy content at hour x is calculated:

spH (X) = spr (X-1) - hpy + qsotar T Qindustry-DH T qw T Qe + qeic + qene + Qs

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, then the boiler is activated:

If spy <0 then qB = - Spu
If the content of the heat storage at hour x exceeds the heat storage capacity, Spy, then the model looks
back from hour x to the nearest hour at which the storage content is lower than the CHP heat
production at hour x, 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.

7.8.6 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, BalanceProductioncyp.yp, as described in
section 7.1. The balance production is added to the former production (if any) arising from CHP
replacing either boilers or electrolysers, as described in sections 7.8.5 and 7.8.7.

ecup = €cup + BalanceProductioncyp.up,
The production is adjusted to the limit of zero and the capacity Ccpp. 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:
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goirr = BalanceProductioncyp.pp * pcnp / Menp
If such production exceeds the heat pump heat production it is adjusted accordingly:
If qpirr > que  then qpirr = que
Thereafter, the productions of the heat pump and the CHP unit are adjusted accordingly:
dcup = qcup t qpirr
qup = qup - DIFF

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.

7.8.7 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, px, and the balance production of the CHP plant, BalanceProductioncyp.gi, as described in
section 7.1. The balance production is added to the former production (if any) arising from CHP
replacing either boilers or heat pumps as described in section 7.8.5 and 7.8.6.
ecur = €cnp T BalanceProductioncyp.gc,
The production is adjusted to the limit of zero and the capacity Ccpp. 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, qpirr, which will replace the electrolyser is found:
qoirr = BalanceProductioncup_gic * penp / Uenp
If such production exceeds the electrolyser heat production it is adjusted accordingly:
If qpire > qeic then qoier = qric
Thereafter, the productions of the electrolyser and the CHP unit are adjusted accordingly:
qcup = qenp t qpirr

qete = qEle - dDIFF

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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7.9 Electricity storage (hydro or battery or CAES storage)

The model seeks to identify a realistic business-economic strategy of optimizing 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 the CAES appendix as
regulation strategy no. 4.

The strategy is based on a concept which takes the average price, paverage» Of an upcoming user-
specified period (of y hours) and bid on the market correspondingly. The average price is found as:

i=x

pAverage (X) = z p (1) / (Y)

xty

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 middle line represents the price average, pavarage, for the shown 24-hour period.

EnergyPLAN St4

— Price —— Average —— Max Buying Pr. Min Bidding Pr. ‘

gl /\ A
300 /N /\
290 / ——\ /

\
= N\
\

Price[DKK/MWHh]

260
250 T T T T T T T T T T T T T T T T T T T T T T T
1 3 5 7 9 11 13 15 17 19 21 23

hour

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 found in section 4.11.

— *
FMultiplication—CAES =1/ (aPump HTurbine)

FAddition—CAES = ( VOCPump + T1A)<Pump ) / (aPump * “Turbine ) + VOCTurbine
+ ¢CAES * (PNgas + PHandling—Ngas + TaXNgas—CAES) *3.6

The basic relation is that in order to generate a profit, the market price when selling must exceed the
market price when buying, in accordance with the following formula of section 4.11:
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Psell > pbuy * FMultiplication+ FAddition
In which Psei 18 the market electricity price when selling (DKK/MWh)
Pouy 1S the market electricity price when buying (DKK/MWh)

Fuurtiplication 15 the multiplication factor (always bigger than 1), and
F aqdition 18 the addition factor (DKK/MWh)

The price difference is defined as:

Psel = pAverage + Ppitf and pBuy = pAverage - Ppiff
And consequently the price difference can be identified as
pdiff = [pAverager * (1 = O'qurnp * “Turbine ) + constant ] / (Uqump * HTurbine + 1)
In which the constant represents the variable operation costs of consuming one unit of electricity in the
pump (or compressor), found as 1) the VOC on the pump, 2) the VOC on 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 )
+ ¢CAES * (PNgas + PHandling—Ngas + TaXNgas—CAES) *3.6 * (aPump * M Turbine )

Based on the above price difference, pgir, the operation of the electricity storage or CAES system is

found 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 + Ppitr

pBuy—Max = pAverage - pDiff
The market system price, px, and the balance production of the turbine, BalanceProductionrymine, are
found as described in section 7.1. If the market system price is higher than the minimum selling price
the turbine is activated:

If px > pscti-min then  eruine = Min ( Crumine, BalanceProductionturine)

Similarly, the market system price is found for the pump, px, and the balance consumption of the
pump, BalanceConsumptionp,mp, as described in section 7.1. If the market system price is lower than
the maximum buying price, the pump is activated:

If px < PBuy-Max then dpymp = Min ( Cpymp, BalanceConsumptionpym,)

The storage content, Scags, is calculated:

SCAES (X) = SCAES(X'I) + dPump * aPump - dTurbine * HTurbine
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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.

7.10 Resulting electricity market prices (External, Domestic and
bottlenecks)

In the above mentioned procedure, it is checked for all production units if the balance production of
each unit results in a total electricity production in the system, which 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 the procedure of section 7.8. Moreover, it is
checked if the import exceeds the transmission line capacity, and in such case, the production on the
condensing power plant is increased.

In the case of a bottleneck, the price areas of the external and the domestic market are separated, and
the domestic market price is calculated as the highest bidding price of the active productions units, i.e.
the marginal operation 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 7.1, 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 for a
lower price than it is sold on the other side of the bottleneck. 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 found simply as
50% of the difference between the market prices on the domestic and the external markets.

7.11 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 8.3 (below). If the requirement is not fulfilled the
production on the power plant is increased accordingly.
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8. Fuel, CO2 emission and Feasibility Study (calculations)

After having optimised the operation of the various productions units in accordance with either the
technical or the market-economic optimisation strategy, the model makes a number of calculations of
final fuel consumptions, CO2 emissions and costs. The model also removes critical excess electricity
production in accordance with the specified strategy.

8.1 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 5.4, is now
added to the boiler production. The fixed boilers percentage represents the hours in which the CHP
units of one system are not operating because of maintenance or breakdowns

g2 = gB2 T JFixedBoiler2

The same calculation is done for district heating group 3.

8.2. Reducing Critical Excess Electricity Production
A number of measures to reduce Critical Excess Electricity Production, ecggp, can be activated as
shown in section 4.13:
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 in combination with RES1, RES2, RES3 and RES4

NN B W

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.

8.2.1 Reducing RES1 and RES2

First, RES1 is reduced. The reduction potential, Redp,,, is found as follows:
Redyont = Min(ergs; ; €ceep)

And new values are calculated:

CRESI = CRESI - Redpont

CCEEP = CCEEP - Redpom
RES 2 production is thereafter calculated in the same manner.
8.2.2 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 = [€Tota™Stabioal - €rEs1*Stabres - erpsa*Stabres: - €rpss*Stabgress
- eresa*Stabress - €chp3 - ENuclear - €Hydro - €pp ¥ (1-Stabror) 1/ Stabewp,
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Then the reduction potential, Redpoy, is found:
Redpont = min(€cpp2 — €CHP2-Min 5 €CEEP)
And new values are calculated:
€cHpr2 = €cHp2 — Redpont

€CEeP ~ CCEEP - Redpont

dcnp2 = €cup2 * Peupa/Uenp?
qs2 = qs2 — Redpone * penra/Henrz
8.2.3 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 = [€Total* Stabiotal - €rEs1 *Stabgesi - €res2*Stabres - €res3*Stabress

- erpsa™ Stabress - €cnp2*Stabenps - enuctear - €Hydro - €pp ¥ (1-Stabrow) 1/ Stabcrps

If such minimum is below the input-specified CHP3 minimum production, Ccyps.min (S€€ section 4.13),
the value is increased accordingly:

If ecups-min < Ccnpsmin then  ecupsmin = Cenps-min
Then the reduction potential, Redp,,, is found:
Redpone = min(ecups — €crp3-Min 5 €CEEP)
And new values of CHP and boiler heat production are calculated as in section 8.2.2 above.

8.2.4 Replacing boiler production with electric heating in group 2
The reduction potential, Redp,,, is calculated as follows:

Redpone = min(qs; ; €ceep)
Then the value for electric heating is calculated
een = Redpon
Subsequently, new values for ecggp and gp; are calculated.
8.2.5 Replacing boiler production with electric heating in group 3
The same calculations are made as described in section 8.2.4 above, just replacing group 2 with group

3.

8.2.6 Reducing RES3
The potential of reducing RES3 is found in the same way as for RES1 in section 8.2.1 above.
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8.2.7 Reducing power plant production in combination with RES1, RES2, RES3 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 instead. 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:

CPP-No-RESI = [ eTotal*St:il]:)total - eRes2*St:¢1]:)Res2 - eResBS*StabReﬁ - eRes4*St{fﬂ:)Res4
- ecupr2 ¥ Stabcups - €cnp3 — €Tubine | / (1 - Stabioa)

Then, the reduction potential of the power plant is found as the difference between this number and the
previously found electricity production of the power plant:

€pp-pontial = €PP = €PP-No-Resl
The potential reduction of CEEP achieved through this reduction of the power plant is identified by
the following factor:
factor = ecggp * ( Stabrow — Stabgresi ) / (1 — Stabges)
If such factor is lower than the reduction potential, eppponiai, the reduction potential is reduced
accordingly:
If epp-pontial > factor then epp_ponial = factor
First, the CCEP is reduced by the power plant contribution:
Cpp = Cpp - Redpont

C€ceep = CCEEP - Redpont
Then a new reduction potential achieved by reducing RES]1 is found and CEEP and RESI1 are reduced
accordingly:

Redpont-next = Min(eresi ; €ceep)
CRES1 = CRESI1 - Redpom—next

C€CEEP = CCEEP - Redpom-next

The same procedure is repeated for RES2, RES3 and RES4.

8.3 Grid stabilisation

The degree to which the grid stabilisation requirements have been fulfilled is calculated in the
following way:

First, the grid stabilisation demand, dsqs, is calculated on the basis of ery., which represents all
electricity productions as described in section 6.1:

dStab = eTotal*s‘[abtotal
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Then the grid stabilisation supply, s, is calculated:

€stab = €pp T €cup2*Stabcups - €resi*Stabres) - €resa™Stabress - €res3*Stabress
- eresa ™ Stabress - €cHp3 - ENuclear - CHydro = €V2G

Then the fulfilment of the grid stabilisation, GridStab, is calculated en per cent:

GridStab = egap / dsp, * 100

8.4 Heat balances in district heating systems
Then the heat balances, hgajance, in the district heating groups are calculated:

hBalance = hDH - hSolar - hCSHP - hCHP - hHP - hB - hEH - hElc

The heat balance is calculated separately for each district heating group.

8.5. Fuel consumptions
For various production units in the model (DHP, CHP2, CHP3, Boiler2, Boiler3 and PP), the
distribution on fuel types is stated as input (See section 4.10) divided into the following types of fuels:
- Coal
- Oil
- Natural Gas, and
- Biomass

For transportation, oil is divided into fuel oil, Diesel/Gas oil and Petrol/JP. Moreover, fuels such as
hydrogen (or similar fuels from internal energy conversion as part of 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 on the four fuel types is calculated relatively
according to the input values.

If for instance

- the total energy consumption for the DHP unit is found to be 10 TWh, and

- the input fuel distribution is stated as follows: Coal=1, Oil=1, Ngas=2, Biomass=1
Then the result will be: Coal=2, Oil=2, Ngas=4, Biomass=2, Total=10.

The model can be told not to consider limitations in some of the fuel types by activating the "Variable
/ Fixed" button in the input.

If for instance

- the total energy consumption for the DHP unit is found to be 10 TWh, and

- the input fuel distribution is stated as follows: Coal=1, Oil=1, Ngas=2, Biomass=1
- and the button for biomass is activated as "'Fixed"'

Then the result will be: Coal=2.25, Oil=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
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PP unit to adjust the import/export. In the final account, wind power, photo voltaic and solar thermal
are added to the account as a new type of fuel named "Renewable"

8.6 CO2 emissions

Given the CO2 emission (kg/GJ) for each of the four fuel types as an input, the model calculates the
CO2 emission simply by multiplying the fuel consumption by the emission data.

The model also calculates an import/export-corrected CO2 emission by using the import/export-
corrected fuel account.

8.7 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 found as RES, Hydro Power,
Geothermal power and solar thermal productions plus biomass and waste fuels. The total primary
energy supply is found as the same number plus all fossil fuels. Fuel such as hydrogen or biofuel for
transportation produced on waste is not included in the primary energy supply, since they are produced
on other energy resources which have already been included in the supply.

The model also calculates the share of electricity produced on renewable energy. In such calculation,
the share of biomass compared to the total fuel consumption determines the share of CHP and power
plants.

8.8 Cost

Annual socio-economic costs are divided into fuel costs, variable and fixed operation and maintenance
costs, investments costs, CO2 emission costs and electricity exchange costs.

8.8.1 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, Acoa, are found as follows:

Acoal = 36 * [FCoal—Total * PCoal—WM + FCoal—PP * PCoal—HCen
+ (Feoars1 + Feoar-cp2 + Feoal-cnps T Feoa-B2 T Feoal-ss + Feoal-csip) * Pcoal-tiee T Feoal-indv * Peoal-timav]

The costs of the other fuels are found in the same way.

8.8.2 Electricity exchange costs

Electricity exchange costs are found on the basis of resulting external market prices, see e.g. section
7.10. Import costs are found as the hourly import multiplied by the resulting external market price of
the relevant hour. 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 7.10 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.
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8.8.3 Variable operation costs
The annual variable operation costs are found as the cost per unit (of section 4.11) multiplied by the
relevant production. E.g. the operation costs of boilers are found in the following way:

Avoc-Boiler-pn = (€g1 T €2 T €p3) * Pvocpoiler-ph

8.8.4 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 window (see section 4.12).
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9. Output

The output can be shown and/or exported from the model in the following ways: View on the screen,
Print or seen in Graphics.

ﬂ EnergyPLAN 7.00: Startdata

Fle Edk Hel

EE I E!
Frcmtpagal It | Cost | Reguation D'—ﬂ’-‘| Eall:ingsl
Overview | Screen | Graphics |

VIEW on Screen T visw resulls in chpbosd piess buttan above,

To desgn which resulls to view chose “Screen wndove.

Prl nt: To piint resadbs press button sbove.
Addbonal piink page: Mg

Gr‘aph |cs To view rzsults in graphic chose "Graphics" windovs,

Run serial calulations to clipboard:

To e seties of caleulations and save main resulls g2t the loloving butlan to "0n'" 2nd chose inpul ard culpul belaer Off

Dredine nput Mo gt Chosge number of calzulzbions [masimum 3): ] I
Iriput walies ||:I |'] |':I |EI |D |D ||:I |I] 0

Diedine oubput CEEF I Twihipea
Stan caloulations 1o; Clipked |

9.1 The screen function

Results can be viewed on the screen.

i EnergyPLAN 7.00: Startdata

File Edit
= e RIEE
Frontpage ]M Cost ]Hegulatlnn ..... ':' 'Jtl:"-"il Settlngs]

Ovwerview l Screen] Graphlcs]
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The function can be activated in the upper line of the main display of the programme by clicking on
the icon called "view clipboard". When activating this facility, the programme will start calculating
and then open a text file, in which the results are shown.

[ EnergyPLAN 6.64: EbbeSPtest2 3] x|
File Edit Help
| | | | | Cloze Window |
TaeL wonoumpLiul LSACL . Bho) - Sao .o =
Fuel Consumption (incl. H2) = 530 .86
Fuel Consumption {(corrected)= 456 .65
Coal Consumption = 231.11
01l Consumption = 23.30
Hgas Consumption = L2 B2
V2G5 Pre Load Hous = 1]
elec. Fized district wind 0f f shore vV River Hydro Hydro I
demand Exzp-Inp heating pover wind hydro pover DUnp H
TOTAL FOR ONE YEAR (TWh-vyear):
Annual: 235 .41 0.0o 0.05 15 60 0.o0 0.0z 26.59 18.99 0.oo
MONTHLY AVERAGE VALUES (HW)
January 27156 i] 11 2359 i} 1 3826 2040 o 7
February 27965 a 11 1571 i} 1 2952 2266 o &l
March 27741 a g 1973 i} 2 2848 2237 o 7
April 24992 a g 2101 i} 2 3167 2125 o 7
May 24915 a 3 1411 a 2 4111 2048 o &
June 27039 a 3 1487 1} 3 3108 2224 0 8¢
July 27871 1] 2 1304 i} 3 2418 2286 o g
August 25691 1] 2 1538 i} 3 2223 2149 o7
Septemnber 26858 a 2 1691 i} 2 2194 2232 o 7
October 25117 a 2 1969 i} 1 2254 2103 o &t
Howenber 27677 a g 1855 i} 1 3015 2140 0 &
Decenber 28632 i g 2037 i} 1 4181 2101 o 7
Average 26800 a 3 1776 i} 2 3027 2162 o7
Maximum 38105 a 11 4550 i} 10 4181 4438 0 &
Minimum 15466 i 2 a0 i} i] 2194 i 0o a°
v
£ >
G:\fg_energy'DelphitEnergyPLAN Dakal EbbeSPtest?. bxt

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 hour by hour value. The user can define the results to be shown in the
"Screen" window in the EnergyPLAN model. All hour by hour data for all calculations are available.

3 EnergyPLAN 7.00: Startdata

File Edit Help

Frontpage] Input ] Cost ] Regulation  Output l Settings]

Overview Screen l Graphics]

Show tatal vearly values: e Show manthly values: e
Show hour values: From Start hour: |1 To End hour: 100
Yes | Electrcity Demand Yes | Storaged Yes | PP Elec. production ez | CEEP [Critical Electricity Excess Production]
“es | Fixed Export/mport ‘ez | Heatbalance gr. 2 Yes | Muclear “es | EEEP [Exportable Electricity Excess Production)
‘es | Distict Heating ‘ez | CHP3 Heatproduction ‘Yes | Pump consumption ‘Yes | Mordpool price
Yes | RES [electricity] Yes | HP3 Heatproduction Yes | Turbine production Yes | Market prices
Yes | Hydio Power Yes | Boilerd Yes | Pump storage Yes | Import paymant
‘Yes | Solar Thermnal ‘Yes | EH3 Heatproduction ‘Yes | Electrolyser gr2 ‘Yes | Export payment
Yes | CSHP Heat Prod. Yes | ELT3 Heatproduction Yes | Electrolyser gr3 Yes | AddExport payment
‘ez | DHP Heat Prod. Yes | Storage3 Yes | EY and W26 [tranzport] Yes: | Individual Heat
“es | CHPZ Heatprod. " Yes | Heatbalance ar. 3 Yes | Stabilization Load % Yes | Individual electricity
Yes | HPZ Heatprod. ‘ez | Flexible Elec. demand Yes | Import Yes | Individual H2
Yes | Boiler2 “es | HP Elec. consumption Yes | Export Yes | Transport H2
Yes | EHE Heatproduction Yes | CSHP Elec. production Yes: | Eldemand for cooling
‘es | ELT2 Heatproduction ‘Yes | CHP Elec. production -

Change all to Mo El=Yes Heat=No

RES: Renewable Energy Sources

CHP: Combined Heat and Power

C5HP: Combined Heat and Steam Production [Industrial CHP)

DHP: District Heating Plant

HF: Heat Pump

EH: Electric Heater

ELT: Electiolyser Shaow Annual Costs Yes
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9.2 The print

Results can be printed in an A4 version defined by the model.

0 EnergyPLAN 7.00: Startdata
File Edik Help

=| ||k S|

Fruntpage] [rpu it ] Fequlation iDUtPUtEl Settings]

Ovwerview l Screen] Graphics]

The function can be activated in the upper line of the main display of the programme by clicking the
printer icon. 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 window as shown below. In such case, two pages will be printed in stead of one.

I3 EnergyPLAN 7.00: ReferenceENS2030

File Edit Help
= =R E] Loading Time = 00:00:02 |

Frnntpage] [k ] Cost ] Fegulation  Cutput l Settings]

Overview l Screen] Graphics]

V| ew an Scree M. Toviewresults in clipboard press button above.

To design which results to wview chose "Screen'’ window,

Pn n‘t To print results presz button above.

Additonal print page

Examples of prints are shown on the next page.
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Input ReferenceENS2030 The EnergyPLAN model 7.00
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River Hydro 0w Gr. 0 Household 729
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Geothermal o Warious 0,00
Qutput
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Selar CSHP DHP CHP  HP  ELT Boder EH | lance demand ble bine RES dro thermal FP [ Load CEEP EEF | "%
MA MW MW MW MW MW MW | MW M MW MW MW M| % MW MW | Milicn DRE
187 413 2067 40 0 5} o 7 o o 0 0 o o 1473100 0 3 o 25
187 422 4038 40 0 o o 7 o o 0 0 o o 1083 100 0 5@ 5} 47
187 3508 4065 40 0 o o o o 0 0 o o 1025 100 0 32 o 52
19 286 3881 40 o 11 o o o 0 0 o o 835 100 0 306 o &7
107 223 3318 40 [} n o o o [1] [1] 1] [} @52 100 0 23 1 &4
187 100 1460 40 o 47 o o o 0 0 o o 1857 100 0 n 2 8
197 g8 1375 40 o 40 o o o 0 0 o o 2085 100 0 17 2 8
19 100 1441 40 o -:@ o o o 0 0 o o 2332 100 0 o 2 5
197 155 2318 40 0 -5 o o o 0 0 o o 1783 100 0 58 2 12
197 234 3303 40 0 -2 o o o 0 0 o o 888 100 [ | 1 ]
197 307 2856 40 o 4 o o o 0 0 o o @0z 100 0 59 o 85
107 3BE 4036 40 1} 12 o o o o o o [ 1247 100 oo o 0
Average 4480 2 197 255 308 40 0 0| 5573 o o o 0 0 o o 186 100 0 278 Awerags price
Maxirum 12533 28 197 723 408 40 0 2744 | B203 o o o 0 0 o o 4858 100 0 2500 (CHEMWR)
Minimum 1581 o197 TE 540 4D 0 -1431 | 2785 o o o 0 0 o o 0 100 0 of 283 182
Total for the whoie year Millicn DKE
TWhiyesr 3818 D002 173 224 2731 035 000 752 000 0004800 000 008 000 000 DD 0,00 1 000 D000 241 2238 1182 245 10 446
FUEL BALANCE (TWhiyear): CO2 emissicn (M):
DHP P2 CHP2 Boler? Boilerd PP Geo-th. Hydro  Elclys Waste CAES Wind  Offith. Hydro  Hydre  Solar.Th Transp. housen. Industry Various Total  Metio
o4 251 383 ogoe  B37 e S S = e S S = e S & 337 S 5.58
o 023 056 081 186 083 e S S = e S S = e - 6220 2|82 30
N.Gas D87 11682 1881 133 1348 e S S = e S S = e S = 18,18 18]
Biomass 108 735 1137 226 020 e S S = e S S = e S = 7 518 S
Renawsble - - - - - - - - T TE - - oo - - -
H2 ete. 1] 0,00 = s = = = s . . = s . = s
Geothermal - S - - - - - - - - 8 = = = = = - - -
Total 280 2204 3261 341 533 1288 e S - S - 728 T7H1 - - D02 6820 2307 5388 2274
Qutput specifications ReferenceENS2030 The EnergyPLAN model 7.00
Digtrict Heating Production
Gri Gr2 Gr.ad RES
District Disrict Stor- Ba- | Dstriet RES1 RES2 RES2 RES4Total
neating Sclar CSHP DHP | heatmg Sofar CSI HP ELT Boier E age lance| heating Solar CSHP CHP HP  ELT Wind Offsho Rivert Rivert o
M MA MW MW " MA MW MW MW MW I MA MWV MW MW MW M MW MW
January 414 1 o 213 o 40 0 4146 0 187 244D 0 0 o 0 1535
February 424 2 0 <22 o 40 0 4241 0 197 244D 0 0 o 0 214
March 3a1 2 U] o 40 0 2814 0 197 244D 0 0 o 0 1772
April 233 3 0 286 o 40 0 2306 0 197 2312 0 0 o 0 1512
May 3 o 223 o 40 38 0 197 2017 0 0 o 0 1511
June 3 o o 40 -48 0 197 BD& 0 0 o 0 1816
July 4 o o 40 32 0 197 T7ToE 0 0 o 0 1108
August 3 o o 40 -28 0 197 807 0 0 o 0 1500
Septemiber 3 o o 40 0 197 13858 0 0 o 0 1301
Oelober 2 o o 40 0 197 2037 0 0 o 0 2337
Nowember 1 o o 40 0 197 2402 0 0 o 0 2240
December 1 o 1] 40 0 187 2428 [ [ o 0 1374
Average 2 0 0 40 0 197 8% 0 0 0 0 182
Maztimurn 28 o o 40 0 197 2440 0 0 o 0 5082
Minimum o o o 40 0 197 548 0 0 o o o
Total for the whole year
TWhiyssr 224 002 D000 224| 1428 000 000 11,01 D035 000 293 000 0.01] 2283 000 173 1630 0.00 458 000 0.0 728 781 000 000 1487

ANNUAL COSTS  (Million DKK)

1002
7838

Magnal cperation costs = 635
Total Electicity exchange = 483
Import = 10
Export = -4a
Boitlenack = -5
Fived implex= 1]

Total C02 emission costs =
Total variable costs =

Fived operation costs =
Annual Investment costs =

TOTAL ANMUAL COSTS

12-maris-2007
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9.3 Graphics

Results can be shown graphically and exported by the clipboard function

By activating the "Graphics" window, the results are illustrated graphically using the hour by hour
values.

Three choices are offered by activating the buttons in the lower left corner: the electricity balance, the
district heating balance, and the flexible electricity demand. Three diagrams are shown for each of the
items.

The diagrams can be shown either for one day, three days, one week or one month.

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.

[ EnergyPLAN 7.00: ReferenceENS 2030

file Edt Help

== A= Calculation Time = 00:00:08
Frunh‘.lage: It | Cost | Regulation  Dutput | Smh’ngs]

Overviaw | Sereen Graphics |

[Beciricty Demend: Week in Jarwary] Clip&oand [Bectricky Production: ¥ieek in Jsnuary | Clipboard

4.000
B.000
7.000 4 - -
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BAVY

LABALAARS RARS AARIRARS ! T 0- - —
10 20 30 40 S0 60 70 &0 90 100110120130 140150 160 100 20 30 40 S0 B0 70 &0 20 100110120130 140150 160
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[Bleciricty Balanca: Week in January] Clipboard
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AES34: Aenewable Energy Source 3 and 4
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Diagram 6: Example of graphical presentations of results
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9.4 Run serial calculations function

Run serial calulations to clipboard:

Tomn geres of calculations ahd zave main rezultz zet the following button to "0n"' and choze input and output below: 0Fff
Defing input Mo input Chose number of calculations [masimum 3); 3
Input values |EI |EI |EI o |EI |EI |EI |EI o

Defing autput CEEF Tw'h/near
Start calculations to: Clipbrd

Start calculations to: Azl

Moreover, the output window makes it possible to run series of up to 9 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 loaded into any Windows
program such as Word or Excel by the Ctrl+V function.

Before starting the series calculations, one has to

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 writing 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.

9.5 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
9.1) can also be exported to the clipboard and thereby be loaded into e.g. EXCEL.

This is simply done by setting the run serial button to “Off” and activating the clipboard function in
the Output overview window:

FRun seflal calulatnons 1o Clippoard:

Toun zenes of calculations and ave main resultz zet the following button to "0n'" and chose input and output below:
Define input Mo input Choze number of calculations [maximum 3); 3

|0 |0 |0 0 |0 |0 |0 |0 0

Input walues

Define output CEEF Twihpear
Start calculations bo: Clipbrd ’

——————
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Appendix: CAES Market Optimization

By Georges Salgi (14/08/06)

This manual documents three of the main spot market operation strategies for an electricity storage
plant such as CAES in the EnergyPLAN model:
= Strategy 6, which is based on a deterministic annual time series, and is considered to
generate the highest possible annual operational profit;
= Strategy 5, based on the ability to project electricity prices for up to 24 hours;
= Strategy 4 which is based on the assumption that the average price for the coming 24 hours
is the same as that of the last 24 hours.

Strategy 6 is thus aimed at finding the “theoretical” optimum operation of the electricity storage
plant given the annual electricity price time series. Strategies 4 and 5, on the other hand, reflect a

“practical” operational mode with the operator having limited knowledge on future market
conditions.

Electricity Storage Input/Output Window
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Figure 1: EnergyPLAN electricity storage main Input/Output window

Figure 1 shows a caption of the main electricity storage Input/Output window. This window can be
accessed by entering the Input and Storage tabs at the top of the window. While the upper part of
the window is concerned with electrolysers for hydrogen generation, the lower part is used for
electricity storage applications.

The main technical input variables can be defined in the area marked in red in Figure 1. In order to
accommodate storage/generation hybrid technologies such as CAES, the input includes fuel
consumption during electricity generation. The main required inputs in this area are:

* Pump capacity, where pump is the term used to represent the technology that converts
electric power into stored power and could be, for example, a rechargeable battery or a
COMpIessor.
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»  Turbine capacity, where turbine is the term used to represent the technology that converts
stored power into electricity, which could be, for example, a battery or a turbine.

* Pump efficiency when converting the electric energy to stored energy

»  Turbine efficiency when converting stored energy to electric energy. In technologies such
as CAES, this efficiency can be greater than 1 due to fuel addition.

» Fuel Ratio, which is the ratio of the fuel energy added per unit of electricity produced:

Fuel input
Electricity output

Fuel Ratio =

Storage capacity, which is the net amount of storage capacity in GWh.

The main financial inputs are shown in the lower-left area marked in yellow in Figure 1. Apart
from the fuel cost, the other inputs are imported from other windows. The pump and turbine
operational costs reflect the variable entered in the Cost and Operation tabs, whereas the average
electricity price reflects the average of the price time series entered in the Regulation tab.

Finally, main output operational results are shown in the lower right corner of Figure 1 marked in
blue. These results include electricity consumption and production costs, operational costs, fuel
costs, the net income, and the maximum utilized storage capacity. Besides, certain strategy-specific
variables are 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.

Strategy 4

The idea of this model is to take the average price of an upcoming user-specified period and bid on
the market correspondingly. 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 6
demonstrates this concept for a 24-hour period. The green line represents the price average for the
shown 24-hour period. Based on that, the distance to the two other lines is calculated.

EnergyPLAN St4

— Price —— Average —— Max Buying Pr. Min Bidding Pr. ‘

320 ~
310 ~

A A
AN

280 ~
270 A
260
250YYYNwwwwwwwwwwwwxrxxxxx\

Price[DKK/MWHh]

hour

Figure 2: EnergyPLAN St4 concept, where the average price 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 can be calculated
analytically using the following equation:
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MC.  =P+AP
PP e 2]

Where:

P is the average price over the given period
AP g the price difference from the average price

MC.

(P=4P) is the marginal production cost for an electricity unit bought at the price P—AP
The marginal cost can be expressed as:
P-AP)+K
vme =L )+ K]
(P-4P) Ncllx [3]

Where

e is the compressor efficiency

I is the turbine storage efficiency defined as the power output per unit storage energy input.
K is a constant that includes the variable operational costs and fuel costs:

K =0.C.. + 7.7, (F.R.-N.Gas.Price + O.C.; )

0.C.c is the compressor operational cost
O.C.T is the turbine operational cost
F.R. is the fuel ratio

Substituting (2) and (3) in (1) leads to the following relation:

In the above calculation, bypassing the storage while operating the pump and turbine at the same
time is not allowed. There are, however, hours when this could be feasible, such as when operating
a CAES plant as a gas turbine. To account for this, the first step can be calculated by pressing the
lower left button and calculate “trin1”. This step goes through the strategy 4 results and allows the
compressor and turbine to operate during the same hour when this feasible and when the storage
content is empty.

Strategy 5
Strategy 5 is similar to strategy 4 with the exception that strategy 5 takes the price average of a
user-specified previous period and uses it as the basis for determining the bidding strategy of the

upcoming period.

Strategy 6
Strategy 6 is aimed at finding the maximum theoretical operational income given a deterministic
annual electricity prices time series. The algorithm can be summarized in 7 main steps:
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Identify the maximum electricity price in the “Turbine prices” time series, which is
initialized as a copy of the original electricity prices time series. In this “Turbine prices”
time series, hours at which the full turbine capacity is operating or with no potential profit
are given a low negative value in order to avoid their reselection in later iterations.

Identify the storage boundaries around the maximum price. In this step, the hours prior to
and after the maximum price hour are examined. The first hour in the backward range
following an hour with full storage is considered as the “range start”, whereas the first hour
with an empty storage in the forward range is considered as the “range end”. This range
constitutes the time space in which recharging/discharging is possible. The range can very
well constitute only the maximum price hour, in which case the plant would operate in the
bypass mode.

Identify the minimum electricity price within the range defined in step 2.

Calculate the marginal operating cost (MC) based on the minimum price found in step 3.
The MC is calculated according to equation [3] presented in Strategy 4, where (P- AP) is
replaced by the minimum electricity price. If the maximum electricity price found in step 1
is greater than the MC, the calculation proceeds to step 5. Otherwise, the price in the
“Turbine prices” time series is set to a low negative value to avoid its reselection.

Determine the “operation bottleneck™ in the range between the maximum and minimum
prices. This bottleneck is the minimum of the following 3 main variables:

e Available unutilized turbine capacity at the maximum price hour
e Available unutilized pump capacity at the minimum price hour
e Storage bottleneck which is:
= The minimum free storage space in case the pumping hour lies before the
turbine hour
* The minimum storage content in case the pumping hour lies after the
turbine hour.

Operate the turbine during the hour of maximum price and the compressor during the hour
of minimum price by the capacity determined in step 5 and update the storage content. In
case the turbine has reached its full capacity at the mentioned hour, set the price in the
“Turbine prices” series to a low negative value to avoid its reselection. In case the pump has
reached its full capacity, set the hour price in the “Compressor prices” time series to a high
positive value to avoid its reselection.

Iterate back to step 1 until the iteration limit is reached
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