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Executive summary

Dutch households are responsible for a signifipant of the total Dutch energy consumption and, EQissions.
One possibility for decreasing household energysoomption and C@emissions is to deploy micro-combined-
heat-power gCHP) units.uCHP units are small scale (1-5kWesidential distributed generation (DG) unitsttha
can simultaneouslyproduce useful heat and electricity and therehy aduce primary energy use and LCO
emissions compared to separate production of @igtand heat. When a cluster @HP units is controlled and
monitored on an aggregate level, {t@HP units can be used for trade in energy markedscan be deployed for
technical network management objectives. This plads a called a virtual power plant (VPP).

A micro-CHP VPP was defined :as cluster of grid connectedCHP units that is monitored and controlled on an
aggregate level by a VPP operator for commerciatexrhnical objectivesOnly Stirling engine and solid oxide
fuel cell (SOFC)uCHP units were included in the research becausé&tileng engine will be the firshtCHP to
enter the Dutch market and the SOFC can achieviigihest energy savings. The main research quetstaiiwas
answered in this research was:

Is it technically feasible, economically viable,dabeneficialto implement and operate a micro-CHP virtyal
power plant in the Netherlands and what is the ioté the institutional environment on those asg®ct

Technical feasibility
An extensive literature research was performeditedviews with experts were conducted to idertify major
problems concerning the main components needaddP VPP operation:

e uCHP units

e Control system: ICT infrastructure, local contradl@nd software

» Electricity networks

In general it can be concluded that it is techhjcédasible to implement and operateu@HP VPP in the
Netherlands if theCHP VPP is combined with heat storage.

uCHP units can not respond instantly to energy dehwranges and their overall efficiencies are low
during start-up and shut-down. The biggest issule aviStirling VPP is that it can only be operatedd couple of
hours per day during summer without dumping head, that therefore either very expensive seasonedt is
needed, or central power capacity that will almmattbe used during winter. The biggest problenttierSOFC is
that it can not be operated dynamically and thatettore the number of start-stop cycles shouldinest limited
to zero. Energy storage and supplementary heaéingalve most of theCHP limitations and provide the VPP
operator with more flexibility.

Not much literature on the control system componéstyet available because most of them are under
development. Based on interviews with ICT and saferexperts, no major problems for the controlesysivere
identified. The only possible problem might be ttizg local control system needs to be adjusted veheaxt
generation wire-less communication network emerges.

For network impacts it can be concluded that lag®unts ofuCHP units (up to 50-75% penetration)
can be accommodated within existing electricityvoeks without causing major problems and withoutihg to
make adjustments to the networks or equipment. Atnadl identified problems can be solved by tecahic
solutions at a certain cost. So the connectiorafd amount offCHP units is not a technical problem but an
economic one. The conclusions should however birowd by large scale field tests.

Economic viability

Based on costs calculations, modeling, and caloglaconomic viability indicators, the economichilay of a
uCHP VPP was determined. The main conclusion isuhder current institutional conditions and ecoromi
assumptions, it is not economically viable to inmpémt and operatelgCHP VPP in the Netherlands. Also it is
not an economically viable option to use t@&HP VPP as an electricity only plant.

The economic viability was evaluated on the baktgo scenarios:
1. The uCHP is purchased/leased by the household and plaekitid the customer meter and the VPP
operator only invests in control systems and hieaaige and has indirect control;



2. TheuCHP VPP is considered to be an alternative forraralised CHP with district heating system and
the VPP operator finances and placesui@elP system before the customer meter. The VPP tpdras
direct control over thaCHP units.

Scenario 1 is not economically viable because @h lthe Stirling and SOFC VPP, the short and timg laun
costs of electricity production are higher than welesale electricity prices. In scenario 2, thpital costs of
the VPP can not be recovered with electricity sales trade because the levelized costs of eldgtpebduction
are much higher than the electricity retail and lebkale price.

A Stirling engine is not suitable for base and rimediate operation because this would lead to |aegg dump
for most households. The SOFC can be operatedaseaload and intermediate load plant but notesal load
plant because of performance degradation due tardinoperation.

The most common indicators used to determine thearic viability of a system by investors are tle¢ present
value (NPV}, the internal rate of return (IRRand the discounted payback tfinslonte Carlo simulations were
performed to determine the certainty levels of {pasivalues for those indicators for scenario 2e Tertainty
that the NPV is positive, the IRR is higher than &6l the discounted payback period shorter thahfétene of
the system (under these conditions the systempsrigiple economically viable), was 2% for a $tigl VPP and
0% for a SOFC VPP under current economic and insdital conditions.

The factors that influence these indicators thetraces
» the capital costs the of tiCHP unit
» the lifetime of theuaCHP
» the wholesale gas price
» the consumer heat price

The Stirling VPP can break even with significanduehes of those critical factors while for the SG#@n bigger
changes in these factors are needed to break even.

Institutional impact

The impact of the institutional environment on teéehnical feasibility and economical viability wastermined
by first describing and evaluating the institutiboantext with the four layer model of Koppenjardan
Groenewegen (2005), and then combining this evaluatith the feasibility and viability analysis frothe
previous chapters.

The general conclusion is that institutional chaisgeeeded to make theCHP VPP economically viable and to
accommodate the system into the existing poweesystithout problems. The institutional environméat a
very large impact on the economic viability.

Impacts institutional environment on the techniealsibility of the«CHP VPP
The uCHP units should comply with the requirements & @rid Code to prevent damage to i@HP units and
problems for the network. No provisions are madete outputs offlCHP units connected to the grid with power
electronic converters, which implicates that alsoverters can be connected that produce harmonics.
Currently, the protection thresholds and disconoectimes for power electronic devices do not
guarantee the proper functioning of the LV netwdklso no provisions have been made for voltagesrihge to
electricity production byCHP units.
The provisions for planning and production in théd@ode do not apply for @CHP VPP. This leads to
unfair competition with large power plants that éabligation like reactive power provision.

Impacts institutional environment on the econonability the u«CHP VPP

! The present valdef expected future net cash flows minus the ihitiestment costs during a certain period (Mayes,
2009). The NPV calculates the economic profit ofrevestment.

2 “the discount rate that makes the net presenevaflthe investment's income stream total to zero”

® The discounted payback period is the time requivesarn back the investment with discounted futagh flows.



The arrangements between the VPP operator andotieehold can impact the economic viability, espigcia
scenario 1 if the maintenance costs of the SOFQraderestimated.

The formal institutions can have a very large impgatthe economic viability. The regulations wittetlargest
impact are:
* Purchasing subsidies faCHP
* Heat law: heat prices have a large impact on tlemauic viability, so stricter price regulation can
severely impact the viability
» Energy tax: if the energy tax exemption would inlewnits smaller than 60 kW, the economic viability
of the SOFC VPP would improve significantly. If ttex exemption would also be given for units with a
electrical efficiency lower than 30%, the StirliN@P could become economically viable.
* Emission trading schem@CHP units do not fall under this regime and thugé emission rights for the
power sector will be fully auctioned in 2013u@€HP VPP can save costs compared to a conventional
power plant.

From the values and norms of the government itbeanoncluded that it is likely that they are wifjito change
some institutions to stimulafgCHP. It is however not likely that the 30% efficogrthreshold for the energy tax
exemption will be lowered.

Beneficiality of auCHP VPP

To determine whether it would be justified to chamgstitutions to make the VPP feasible and viathle system
was compared to other systems for the supply dftbé@ouseholds (district heating and boiler + giliectricity).
Criteria to compare the systems were derived fitogrinformal institutions identified in the previocisapter.
Based on the same model that was used for the etona@bility calculations, the scores on the cigavere
calculated.

The uCHP systems were compared with existing systemshéarsehold heating on criteria based on the
values/norms/goals of the actors identified in B@th the Stirling as the SOFC VPP can save enangyreduce
CO, emissions compared to a reference system consistiagondensing boiler and grid electricity. Thilig
VPP scores worse on almost all criteria and the GUPP produces heat at the highest costs. Disteiating is
currently a more costs effective (in terms of captosts/GJ energy saving) option to reduce prinsangrgy
consumption and C{emissions but its application is limited to new $esiand densely populated areas.

Recommendations
Based on the conclusions the following recommendatare given:

 To safeguard the power quality of the grid, alsdpati requirements for power electronic devices
connected to the LV grid should be included inghd code;

* Implement the proposal that has been made by th@sD8 align the Grid Code with Europep@HP
standard CENELEC EN 50438;

* Include provisions for voltage rises due to proaucby uCHP units in the Grid Code;

 Make or change regulation based on the total paagacity of theuCHP VPP and not based on
individual u.CHP capacity to prevent unfair competition for:

0 Large power plants: for large plants much more igios are made in the Grid Code than for small
units. AUCHP VPP would have the benefits of large powertplant not the obligations;

0 uCHP VPP: currently there is no energy tax exemphioorelectricity producing installations smaller
than 60kW. Such an exemption would greatly imprteeconomic viability of aCHP VPP;

» Don't support or invest in Stirling VPPs. A largepacity of conventional power plants, that will abh
not be operated during winter, would be neededdpplying electricity during summer because then th
Stirling can almost not be operated without dumpingat (without seasonal storage). This is
economically not efficient from the total power m point of view. Also the Stirling VPP scores stor
on almost all the criteria compared to the SOFC ¥RéP district heating systems;

* Support or invest in district heating insteadt@HP VPP on the short term. The district heatingesydss
currently more costs effective thamu@&HP VPP in terms of costs per energy saving ants aasheat
production.



On the longer term, support a SOFC VPP becausetlitei best alternative of the researched options to
reduce energy consumption and £#missions in the domestic sector in less densmiylated areas and
existing housing.

Further research is recommended on the followingptos:

Research on the effect of seasonal and electstwiage on the feasibility offgCHP VPP;

Research on the energy savings and revenues atghimvéhe WCHP VPP with more sophisticated
simulation models;

A social costs benefit analysis to determine ofiiGelP VPP is beneficial for society as a whole;
Further research into profitable arrangements batwéP operator and households;

Research on other commercial purposes that wer@ciatled in this research;

Comparison on relevant criteria betwedPHP systems, solar boilers and heat pumps to detenvhich
technology should be supported to reduce energyuroption and C@emissions.



1 Introduction

The research subject and motivation for the rebeartt be introduced in 1.1. In 1.2, research podisies are
identified which are used to formulate the reseawbfective in 1.3. Then, the research frameworK W
presented and described in 1.4. Next, the resaprektions and methods will be presented in 1.:allyinthe
thesis outline is given in 1.6.

1.1 Background and motivation for research
Environmental concerns, decreasing fossil fuelriese and an increasing dependency on politicatigtable
regions for fossil primary energy supply have iased the importance for a more efficient use dfifggimary
energy. The Dutch government has therefore forradlatnumber of ambitious goals for reducing @@issions
and energy consumption: in 2020, 30% less &tOuld be emitted compared to 1990 and a 2% ersangyig per
year should be realized. However, the total primemgrgy consumption and @@missions in the Netherlands
are expected to keep steadily increasing (Vanddriklzenga, 2005).

Dutch households are responsible for a signifigemt of the total Dutch energy consumption and, CO
emissions (see table 1). There is thus a largenpakdor energy savings in the domestic sector &nd lesser
extend for CQemission reductions.

Table 1: 2007 household energy consumption and C@2nissions in comparison to total Dutch energy consuption
and emissions (CBS, 2008; EnergieNed, 2008)

Household Total Percentage of total
Gas 287 PJ 1376 PJ 21%
Electricity 91 PJ 408 PJ 22%
CGO, emissions 16 Mtonne 172 Mtonne 9.4%

One option for decreasing domestic energy consam@hd CQ emissions is to deploy micro-combined-heat-
power ({CHP) units.uCHP units are small scale (1-5k\Wesidential distributed generation (DG) uhisat can
simultaneouslyroduce useful heat and electricity (called cogaien). Those units can achieve a higher overall
energy conversion efficiency (85-95%) for produceilgctricity and heat than with separate productishich
leads to less primary energy use and a reducti&@@Osfemissions. This is illustrated in figure 1 wheresishown
that it costs more primary energy to separatelylpce a certain amount of electricity (including &¥d loss)
with a central power plant and heat with a condendioiler (with a seasonal efficiency of 99%han with
simultaneous production byCHP.

Separate production uCHE
COoGT ElacAricaty
r ; . - - Elactrical
28 ™ 58% » 15 b | 15%
8% grid
loss [LV)
Boil: ! Thamma
] - ;jtn:r e 00 ans
Orvarall sfficiancy = Energy saving = ﬂ_ 14 5%
15 + B0 =95% 11

Figure 1: micro-CHP vs. separate production of heaand electricity (all efficiencies based on LHV)

* “an electric power generation source connectegttir to the distribution network or on the custorsiele of the meter”

(Ackerman, T et al., 2001)

®> When transporting and distributing electricityrfr@ central power plant to the low voltage grithss of 8% of the
electrical power occurs (EnergieNed, 1996).

® In theory, the efficiency of a condensing boilanhave an efficiencies higher than 90%, but ictira these efficiencies
are only achieved for a small part of the yearalse only during very cold days the boiler is ofestat full output and
achieves its highest efficiency. See Carbon T2807) andhttp://www.sedbuk.confor seasonal efficiency ratings.

" The actual energy savings will be lower, becausind start/stop operation the&HP efficiencies are low and a
supplementary boiler is needed to provide the eak demand.
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The Netherlands is one of the key European mafkeisCHP because (Dentice d'Accadia et al., 2003; Harris
2003; Pehnt et al., 2006):
* There is a substantial heat demand throughout ¢lae: Y2 — 53 GJ/yr, 35 GJ/yr average (EnergieNed,
2004, 2008);
* A high percentage of households is connected tgakenetwork: 96% (EnergieNed, 2008);
» A significant price difference between gas andteilgity exists (see table 2).

Table 2: Overview of price difference between avege consumer electricity and gas price (incl. energgnd VAT)
(EnergieNed, 2007b, 2008)

Year Electricity (€¢/kWh) Gas (EC¢/kWh)*
2008 23 8.3
2007 22 8.2
2006 19 7.0

*Calculated with a LHV of 31.65 MJ/m

The uCHP unit is currently being marketed as the reptee for the heating boiler and the fifgEHP units are
expected to enter the consumer market by 2010 (Ren®008). An estimation about the market penetnabi
uCHP in the Netherlands has been made by De Joal €008). They predict that in 2020, 0.9 - 1.4lion
Dutch households will have gCHP unit and in 2030 2 — 3.8 million householdswideer these estimations are
based on a scenario that was made®WP producers (Smart Power Foundation, 2006) ausl ténd to be over
optimistic. In reality these numbers will theref@mbably be lowér

A cluster ofuCHP units can be controlled and monitored on arreggge level and then be treated as a single
power plant. This principle is called a virtual pawplant (VPP) (see 2.1 for detailed definition alescription).
The main advantage of a VPP over stand-alone aguit@HP units is that when aggregated into a VPPuGidP
units can be used for trade in energy markets andoe deployed for technical distribution networknagement
purposes.

1.2 VPP literature overview and research possibilities

Houwing and llic (2008) provide conceptual insightaggregated control QgfCHP units and hypothesize that
through intelligertt centralized control, operational (energy) costirsgs can be achieved. Schulz et al. (2005)
made a simulation tool for @aCHP VPP and illustrated the economic potentialhef YPP in Germany with a
business model for control power. Smaardijk et(2005) performed a mainly qualitative analysis dbihe
potential for dispersed generation in the Netheldamnd the possibilities to integrate disperseteiggion into a
VPP. A VPP feasibility study was performed by MacBll et al. (2006) in which the technical, econ@hand
regulatory aspects of a VPP in the province of Gmtaere researched. Braun (2007) researched ¢haital and
economic potential ol CHP VPPs for the provision of active power resefetiawan (2007) used simulation to
analyze different control systems for a VPP. Hmatudied the possibilities for voltage regulatigith a VPP.
Werner and Remberg (2008) present a detailed axerof the IT and software requirements for a VRByide an
overview of possible economic purposes of a VPPgwel an overview of the regulatory problems in iGany.
Pudjianto et al. (2007) describe the concept amdtionality of a commercial and technical VPP atatesthat
integrating DER (distributed energy resourcespia VPP leads to economic and technical benefits.

Research possibilities

While economical, technical and institutional agpeaf a (CHP) VPP have been researched, none or little of
this research has been done specifically for théctiDwituation, which can significantly differ inrtes of
economic and technical regulations, energy priaad, household energy demand. Also most researcisded

on one specific technical or economical aspect aftdn not on the interrelation between the technica
economical and institutional aspects. In the nextagraph the research objective based on the cbsear
possibilities will be formulated.

8 The regulatory regime and th€HP unit costs however have a big influence onftpige. If the government decides to
provide a large amount of subsidies and the ugegyoes down significantly, indeed a large amadfiptCHP could be
installed in 2020. This is however difficult to pliet.

® Taking into account future information in setticgntrol actions.
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1.3 Problem statement, research objective and perspeca

Problem statement

uCHP units are expected to contribute to energyngmsyiCQ emission reductions, and security of supply and
reduction of network losses. When combined intoraua power plant (VPP) additional benefits ar@ected:
the nCHP units can then be deployed for commercial duriesal purposes by a VPP operator (energy companie
distribution system operators, housing cooperation)

It can be concluded from the overview in 1.2 tHaisistill uncertain whether it is technically fdse and
economically viable to operate and implement augirpower plant in the Netherlands and how thepeds are
interrelated with the institutional environmentsalit is not quantified whether the implementatidra VPP is
beneficial compared to existing technologies.

Research objective

The goal of this research is to analyze and ewalubé technical feasibility, the economic viabilitgnd
beneficiality of implementing and operating@@HP virtual power plant in the Netherlands and whatimpact of
the institutional environment on these aspects is.

Perspective
The thesis will be written from the perspective Mifion Energy Sourcing (a potential VPP operator} tha
responsible for energy trade, electricity and lgeateration and for developing new energy projects.

1.4 Research framework

The research framework is presented in figure &t & definition and description ofi@&HP VPP will be given
which will serve as basis for the technical anditatonal analysis. The technical feasibility betsystem will be
evaluated on the basis of the main technical compisnthat can be identified from the VPP definitemd
description. If the VPP is not technically feasjbitecan not be implemented or operated.

Then the economic viability of the VPP system Wil evaluated by comparing the costs of electricity
production of auCHP VPP with electricity prices and by calculatexpnomic viability indicators. If the system
is not economically viable under current economiaal institutional conditions, the VPP could stk
implemented with government support.

Next, the institutional environment will be desetband evaluated with the four layer model by
Koppenjan and Groenewegen (2005) on the basis mhvithe impact on the technical feasibility and remmic
viability will be analyzed. The VPP definition addscription will be used to identify the most imiamit actors in
the first layer of the model.

Whether or not the government should support theldmentation of a VPP will be researched by
comparing theuCHP VPP with existing technologies on relevanteciit. Based on the values/goals/norms of the
relevant actors as identified in the institutionallysis, relevant criteria will be derived to carg theuCHP
VPP with existing technologies. From that comparisb can be concluded whether the system would be
beneficial and thus whether it would be justifiecchange institutions or give support to the systameded.
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Figure 2: Research framework

1.5 Research questions and methods
Based on the research objective and the reseaantework, the research questions will be formulabedhe
boxes, the methods to answer these questionssanesded. The main research question is:

1 Is it technically feasible, economically viabland beneficialto implement and operate a micro-CHP virtual
power plant in the Netherlands and what is the ingpaf the institutional environment on those aspset

1.1 What is the definition ofCHP VPP, what are the benefits of such a system,vamat xCHP types are
available?
* What is a gCHP) virtual power plant?
* What are the advantages and disadvantages of susys@m compared to central power plants and
stand-alone:CHP units?
*  WhatuCHP types are available for the VPP?

| These questions will be answered with desk researdievaluation. \

1.2 Is it technically feasible to implement andrape a micro-CHP power plant in the Netherlands?
* What technical problems for implementing and opegaa VPP can be identified?
* What are the possibilities to cope with those peaid?

Answers to these questions can be largely foutiterature about DGICHP/VPP. ICT and software for VPPs
are under development and not much literaturetiaya&lable on these topics. Therefore expertsheill
interviewed to determine the technical problemd@¥r and VPP software. Conclusions on the technical
feasibility will be verified with experts from Nucand Liandon.
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1.3 Under which conditions can a micro-CHP virtymiwer plant be implemented and operated in ecoraliyic
viable way?
* Can auCHP VPP be operated as a conventional power plamain economically viable way?
0 What are the costs of electricity production @iGHP VPP?
o0 How do these costs compare with the wholesale etad electricity prices?
* Under which conditions can the implementation aC&P VPP be economically viable?
0 Which indicators can be used to determine the endnwgiability of a system?
0 How does aaCHP VPP system score on these indicators?
0 What factors influence these indicators the most?
o How much need these factors to be changed to neak with the investment costs?

These questions will be answered by analyzing atailating with data from literature, Nuon RetaidaNuon
Risk Management (forecasted energy prices). A sisteset model of a VPP will be developed in Excejdperate
inputs for the economical calculations. Also a &ty and break-even analysis will be performed.

1.4 What is the impact of the institutional enviment on the technical feasibility and economic itgiof the
1CHP VPP?

* What is the current institutional environment tihmpactsuCHP/VPP?

* What changes are expected in this environment?

* How does this environment impact the technicalifidéyg of a uCHP VPP?

* How does this environment impact the economic hglif auCHP VPP?

The questions will be answered by evaluating atefpneting relevant laws, amendments and policyio@nts.
The four layer model by Koppenjan and Groeneweg80%) will used as a basis for the institutionadlgsis.
This analysis will be combined with the analysesrfrchapters 3 and 4 to answer the last two sultiqones
Conclusions will be verified in discussion with tlegal experts.

1.5 Is it beneficial to implement and operateGHP VPP?
* How does theCHP VPP compare to existing technologies for thgpbsuof heat to households?
0 What criteria can be derived from the values/noahthe actors identified in 5.2?
o0 What are currently the most used existing techriesiy
o0 What are the scores on the criteria of the idemdifiechnologies and thecHP VPPs?

The existing technologies will be identified by Hegsearch. The criteria will be derived from valtm®rms/goals
of the most relevant actors that are identifiedhiapter 5. The scores on the criteria will be dated with data
from literature and Nuon Asset Valuation.

1.6 Thesis outline

First, theuCHP VPP system will be defined and described irpt#ha2. Based on this definition the technical
feasibility of the system is evaluated in chaptefBen, the economic viability of the system widl bvaluated
and quantified in chapter 4. In chapter 5 the tastinal environment will described and evaluatesdal on
institutional theory. Then, this institutional ewation will be combined with the technical and emwoital
analysis from chapters 3 and 4 to determine thaanpf the institutional environment on the techhfeasibility
and the economic viability. In chapter 6 it will betermined whether it would be beneficial to inmpémt the
system by comparing theCHP VPP with existing household heating systemedevant criteria derived from the
values and goals of the most important actors. Bhitow it can be evaluated if it would be justifiso change
institutions or give government support. Then, ¢asions and recommendations are given in chapteEmally,
the research will be reflected upon and recommémtiator further research are given in chapter 8.
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2 Virtual power plant definition and pCHP review

As a basis for the rest of the researchpiGeiP VPP will be defined in 2.1. To indicate theekglnce of uaCHP
VPP, the main advantages and disadvantages wplids=nted in 2.2. Finally theCHP types that can be used for
the VPP will be shortly reviewed and a choice Ww#dl made about which types will be included in the&earch in
2.3. The following questions will be answered iis tthapter:

What is the definition gfCHP VPP, what are the benefits of such a systethywdratuCHP types are available?
e What is a CHP) virtual power plant?
« What are the advantages and disadvantages of susystm compared to central power plants and
stand-alone:CHP units?
*  WhatuCHP types are available for the VPP?

2.1 VPP definition and description

A virtual power plant can be defined as a clustegrd connected micro-CHP units that is monitomsatt
controlled on an aggregate level by a VPP opefatocommercial or technical objectives. T€HP cluster can
then be treated as a single power plant. A com@ey?P can be used to participate in trade on gneykets
(APX, forward) and a technical VPP can be usedturiute to distribution network management likeyiding
regulating and reserve power (Pudjianto et al.,7200

Some VPP definitions have a broader scope andiatsade renewable energy sources and controllaided
(Werner and Remberg, 2008) and some define a VRRrasgle option (Willems, 2005). Also a distinctioetween
centralized and decentraliZ8&/PPs is made by Setiawan (2007).

Given the perspective, in this research the focilisbe& on a centralized commercial VPP consistifig o
only uCHP units that is operated by an energy companyfigre 3 the concept of a commercial VPP system i
shown.

LV network (C 4 kV)

Z /
7 A A 7
Household | Household |
nCHP - uCHP h
. =
Household | Household |
nCHP h uCHP h
. =
Household Household
nCHP uCHP
< <
/
7
Gas network
ICT network
VPP operator E:flii

Figure 3: Commercial virtual power plant concept

9With centralized control the control intelligerisdocated in a central system that send signalsdieidual f{CHP units.
With a decentralized VPP the control intelligeneéocated in local control units that are interaactad to form an
integrated system.
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Control options foruCHP

There are several ways in whigl€HP units can be controlled. The control can bdraéred, distributed and
decentralized (see figure 4) (Houwing et al., 200Vixth decentralized control, the households thévesedecide
how to operate th@CHP independently from other households or a VP&raipr. It is also possible that
households interact with each other in making admtecisions for example via a market platform ikaiperated
by an aggregator. This is called distributed cdnfftie last possibility is centralized control irhish a VPP
operator controls theCHP units.

decentrafized distributed centralized
-~
£
f'f A ;'* k YPP operator £ aggregator
\
! 1 ! 1\-,"
v v v <
tCHF host
[
A ) )

— — —W» Control actions; information floers

Figure 4: pCHP control possibilities, adapted from (Houwing etal., 2007)

In this research the focus will be on the centealizontrol option. For centralized control, there @vo control
options: direct or indirect control (Houwing anat)I2008).

Direct control
With direct control the VPP operator has full cohtwver theuCHP output and sends dispatch signals/programs
to thepCHP controllers of availablgCHP units via a central control unit. ACHP unit is available for dispatch
when there is no conflict of theCHP output with household heat demand or heatggarapacity.

With this type of control the VPP will be placedtime merit order of power plant dispatch. Fromdiel
tests (ECN and Gasunie, 2006) it was concludednitat! worries from the households about losimgicol over
thenCHP disappeared after no changes in heat comfog maiced.

Indirect control
It is also possible that theCHP units will be controlled indirectly through @ei signals that are sent to the
households. A local control unit decides whethatt tmwhat extend to respond to the price signattham
household price preferences and heat demand liomgat

Some intelligence in the local controller will beeded to automatically process the price signads an
dispatch theuCHP when it meets/exceeds household predefine@grithe exact dispatch parameters can be
agreed on in contracts with the households satieat/PP operator can forecast how the householtisaspond
and thereby how big the VPP capacity is at a getiaie.

Local control

Always some local control is needed to respondh¢éomostat and heat storage settings to meet tteehold heat
demand. VPP control is an alternative control motithe pnCHP units and not the dominant control mode. The
dominant operating mode is determined by local deatand and other household setting/preferenci itocal
control system.

VPP operator - household interaction

In figure 5 the interaction between the VPP operatml household is shown in more detail. The eneogypany
is the VPP operator and uses the VPP for commepaigdoses. The households are connected to thigigtgc
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and gas grid and via an ICT infrastructure to thergy company. The energy company controls and towsrihe
wCHP units that are hosted by the households wagnéral control unit (CCU) (see figure 5). The cahtontrol
system uses a logic control algorithm that is degwedtl for one or multiple control objectives. Thigoaithm uses
information needed for the commercial purpose @Example energy prices) and information about the
households’ (forecasted) energy demand, energageandiCHP status, to determine how the individu@HP
units should be dispatched and configured to predbe required output of the VPP and fulfill theukeholds’
requirements.

The household information is gathered and transnhitb the CCU by an in-house local control unit ()Ghat
also translates the control signals from the CCild fCHP settings and dispatch actions. This LCU wiioal
respond to signals from the thermostat set byu@idP host or when the temperature of the heat stdvsagomes
too low.

—p Control signal

Energy company
[ = — Information flow
Commercial

arrangement —_— Contractisssl arrangerment
— — = — g
E— Electricity flow

—_— Heat flow

—p Matural gas flow
ICT network WEE

[ o g

Household

" Heat
rF 9 :
| i |||-|||:|||=|||||||n|

unit » } Thermal
koad

L - Distribution retwark

- b 4 e ro
4 rd Transmission network

Figure 5: Detailed overview of household interactio with networks and energy company

Now that theuCHP VPP system is defined and described, the paterttvantages and disadvantages of such a
system will be discussed in the next paragraph.

2.2 Advantages and disadvantages of a VPP

A uCHP VPP can have several advantages over stand-afmratediCHP units and large scale power plants.
When combined in a VPRCHP units can be used for commercial or techningbgses. WhenCHP/DG units
are operated stand-alone, they don't have enoughcitg, flexibility or controllability to make suchctivities
cost effective or technically feasible (Pudjiant@le, 2007). Other possible advantages are surmathim table 3.

Table 3: Advantages of a1CHP VPP over stand-aloneuCHP units and central power plants

Advantages over stand-alopn€HP Advantages over central power plants

It is expected that intelligent central controleofluster Reduction of energy consumption and associated
of uCHP units will lead to operational costs savings fgreenhouse gas emissions is possible because of a
the cluster (Houwing, M. and M.llic, 2008) higher overall energy conversion efficiency compare

to electricity only power plants.

Aggregation of many DG units into a VPP can improviéhe u.CHP VPP has a larger application scope than a
the economics of DG because of the possibility to CHP coupled to a district heating system.
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capture system benefits and more favorable fingncinLimited financial risk compared with a central powe

terms (MacDonald et al., 2006). plant because the power capacity and the investment
for that capacity can be incrementally increased
(Smaardijk et al., 2005).

The peak load reductions are higher with centrdlize A VPP has higher operational flexibility than large

(VPP) control of the«CHP units than with local heat- power plants. In principle a VPP can be operated

led control ofuCHP units (ECN and Gasunie, 2007). between 0-100% of the maximum capacity, while large
power plants can not.

When combined into a VPP, th€HP capacity will Higher security of electricity supply:

become more visible to the system operator. Tmsca  « Failure of one of theCHP units is less

prevent over-capacity problems, underutilisatiohs o disruptive than failure of a central power
assets, and an increase of the electricity cosjighio station;
et al., 2007). * More regulating and reserve power is available

from central power plants whei€CHP units
(partly) replace power production.
Improved voltage regulation is possible by coortioma Limited strategic risk: planning and building a tah
of distribution elements (Setiawan, 2007). power station can take many years, while disperse
generation could be deployed rather quickly and can
therefore better react to changes in the market
(Smaardijk et al., 2005).

Deployment ofuCHP can lead to a decrease of power
distribution and transmission losses (IEA, 2002ttMo
MacDonald, 2004).

uCHP units and thus @CHP VPP does not fall under
the EU emission trading scheme and can thus save
costs.

Less heat losses than a large CHP with distridirigpa
system.

Next to the benefits of @CHP VPP, also some disadvantages of the systelbbecarentioned (see table 4).

Table 4: Disadvantages of aCHP VPP over stand-aloneuCHP units and central power plants

Disadvantages ovestand-alone:CHP Disadvantages over central power plants

Extra capital costs are needed for control systants A nCHP VPP has higher costs per kinstalled.
software.

The household partially losses control overpti#lP.  MostuCHP types have a lower electrical efficiency.

More complex contractual arrangements are neeHbeel operation is limited by heat demandirdividual
with households. households (see 3.1.3)

uCHP units are usually not equipped with
voltage/frequency contrdl

Regulation might need to be changed to accommodate
uCHP in the power system.

1 voltage and frequency control is however possittien thenCHP is connected to the grid with a power electratgvice.
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2.3 pCHP review
To determine whichuCHP units can be used in the research a short ieverof the currently available
technologies is given and a choice is made on typas to include in the research.

The main CHP technologies that are being develapecsharketed for residential application are: remgating
engines, Stirling engines, fuel cells, and micrasfgurbines (Onovwiona and Ugursal, 2006; Pehal.e2006).
Reciprocating engines are already commerciallylalld and Stirling engines are expected to be cawialky
available in 2010/11 in the Netherlands. Residémtiel cell systems are claimed to be commercialilable
within 4/5 years. It is unknown when micro-turbinvél be available for residential applications. Bagpe will be
shortly discussed below.

* Reciprocating engines are internal combustion engirat have high NQOemissions and noise levels
compared with the othartCHP technologies. Since masCHP units in the Netherlands will be placed
inside homes, this type afCHP is therefore not considered to be a suitabli®@mand will not be included
in the present research (Onovwiona and Ugursak;2@éhnt et al., 2006).

* Most micro turbines are small scale gas turbined #re not yet suitable for residential application
because of their high power capacity (20 - 500 Wyl will therefore not be included in the research
(Moore, 2002).

» The Stirling engine is a external combustion engiaed will be the firshCHP technology that will enter
the Dutch market (Remeha, 2008). Ti3HP type will therefore be included in the analysis

» uCHP fuel cell systems are expected to achieve ititeeht energy savings and emission reductionsl of al
uCHP systems, and will therefore be included inrdmearch (Kreijl, 2007; Van der Laag, and Ruijg,
2002, 2003; Peacock and Newborough, 2005). Thexecarrently two types of fuel cells that are
developed for residential application: (1) the paty electrolyte fuel cell (PEFC), and (2), the dalkide
fuel cell (SOFC). A PEFC is a low temperature (6802€) fuel cell that needs pure hydrogen as infut.
SOFC is a high temperature (650 - 1000°C) fuel tbelt can use a variety of fuels as input becafigs o
internal reforming capabilities. In this researisé focus will be on the SOFC system because isé&asral
advantages over the PEFC:

o It does not need extensive fuel processing andirdamally reform natural gas which reduces
costs, energy use and space (Oosterkamp and Vamaagy 2003);

o It has a higher electrical efficiency which willaeé to higher energy savings and emission
reductions (Kreijl, 2007; Van der Laag and Ruij§02, 2003; Peacock and Newborough, 2005).

So in this research only a Stirling engine VPP an@®&OFC VPP will be analyzed. See table 5 for the
specifications that will be assumed in this researtd paragraph 3.1.1 for a more detailed evaluatidghe units.

Table 5: Assumptions on the Stirling engine and SOF (CFCL, 2008; De Sanctis, 2007)

Stirling engine SOFC
Electrical power output 1 kw 1 kW,
Heat power output 5.3 kW 0.7 kW,
Electrical efficiency (LHV) 15% 50%
Thermal efficiency (LHV)  80% 35%
Supplementary boiler 20kyw 25kWi,

2.4 Concluding

The VPP system was defined and described and thentdjes and disadvantages of such a system were
discussed. Also a short overview of availglb@®HP units was given and only the Stirling enginecéuse it is the

first on the market) and SOFC (because it can aehige highest energy savings) will be includethim current
research.

Next...

Based on the definition and description of (HeHP VPP in this chapter, it will be evaluated ié thystem is
technically feasibility in chapter 3.
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3 Technical feasibility of apnCHP VPP
The technical analysis is based on the main teahn@mponents needed for VPP operation. The mahmteal
components needed for operation of iiiHP VPP that can be identified from the previousptér are:

e uCHP units

e Control system: ICT infrastructure, local contradl@nd software

» Electricity networks

The technical problems related to those compongititbe identified and described, and also poss#akitions
will be given if available. The following researghestions will be answered in this chapter:

Is it technically feasible to implement and operatmicro-CHP power plant in the Netherlands?
» What technical problems for implementing and opegaa VPP can be identified?
* What are the possibilities to cope with those peoid?

First the technical problems associated Wwi@HP units will be discussed as well as solutionsdpe with the
problems in paragraph 3.1. Then the technical problrelated to the control system will be shortcdssed in
3.2. The potential impacts of connectipgHP units to the electricity distribution grid wile analysed in 3.3.
Conclusions based on the feasibility evaluationdasevn in 3.4.

3.1 Technical problems related to micro-CHP units
The main technical problems relatedu©HP units will be discussed and then possible mwistare presented.

3.1.1 Technical limitations of theCHP units

Stirling engine

A Stirling engines is an externally gas fired costilmn engine. Kinematic Stirling engine designsehdurability
and reliability problems and also have complicgiedier modulation (EPRI, 2002). Free-piston Stirlenggines
don’t have these problems according to (Tsouts@s. e2003). For this research, specifications @fea-piston
Stirling engine will be used. The efficiency duripgrt-load is lower than during full-load operati@urrent pre-
commercial versions of Stirling engines can not olatd their output and need a grid connection faper
functioning. However potentially these systems egardulate between 50-100% of their rated outputGardbe
operated off-grid after minor changes in the systesign (Bozelie, 2009).

SOFC

A solid oxide fuel cell is a device that electroctieally converts natural gas directly into eledtyicThe most
often mentioned technical problem related to SOB@sat the performance (cell voltage) degrades tiwee and
that this degradation is enhanced by dynamic operatf the SOFC system (DeBruyn, 2006; Oosterkang a
Van der Laag, 2003). Also during start-up and stovtn of uCHP units the efficiency of these systems are very
low and frequent start-stop operation will decre#stime. Also the system efficiency is lower dugipart-load
operation. Therefore the number of start-stop sydeould be very limited. Some fuel cell suppliéCeres
Power, Topsoe Fuel Cell) claim to have solved thasdblems but no scientific evidence is yet avadaio
confirm this.

Since households will always be connected to teetietity grid and because a supplementary baslentegrated
in theuCHP system, there is always full back up of enaugyply in case theCHP fails.

Based on personal communication with experts apglgus the operational limitations of and assuomiabout

the pnCHP Stirling engine and the SOFC are given in t&l&hese assumptions and characteristics willdee u
throughout the research.
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Table 6: Operational limitations of nCHP Stirling engine and SOFC (Bozelie, 2009; Topsdael cell, 2008)

Stirling engine SOFC
Start up time 3-6 min. 120 min.
Shut-down time 3 min. 30 min.
Modulation 50-100% of max power 30-100% of maxwpp
Modulation rate 50 W/min 60 W/min
Max start/stop cycles per 20 -
day
Technology specific - Currently needs gridto - Needs to be heated with
limitations function properly; burner for full start-up;
- High heat-to-power ratio, - Limited heat output, so
which implicates low supplementary boiler often
operating flexibility for needed, which reduces
VPP operator outside energy savings of
winter season. cogeneration.

3.1.2 Seasonal operating limitations of th€HP units

uCHP units are only partially controllable becauseytmust run to cover heat demand and not morethario
prevent heat dump. Since heat demand is stronggyratated with seasonal temperature variation,u@elP
units also have seasonal operating limitations.

Since Stirling engines have a high heat outputjring VPP can almost not be operated during summe
(ust 1-2 hours on a summer day, see fig. 6) unfesscan store the heat in a seasonal storagéydidie an
aquifer or with phase change materials. This inadéis that, unless seasonal storage is possible tmdke
Stirling VPP capacity, a large central power plaapacity is needed to supply the demanded powenglur
summer, which will almost not be used during wiriecause the Stirling VPP is then operated.

Because of the low heat output the SOFC will rumagt continuously at full output (24 hours on atein
day, see fig. 7) during winter to partly fulfill ¢hheat demand. This means that then there is natapel
flexibility for the VPP. For a Stirling VPP thisntitation is less severe because of the higher d(vgaut of the
Sitrling engine.

So during fall/spring the operational flexibilityilvbe greatest for the VPP operator. To what eaten
depends on theCHP types and the specific heat demand profild@hiouseholds.

In principle VPP control could override the heat-tgperating mode of theCHP units, and let a supplementary
boiler provide a larger part of the heat demandweler this would decrease the potential energyngavof
cogeneratioff.

2 This is because then electricity and heat areraggg produced instead of simultaneously whichidishes the energy
savings of cogeneration. In principle the more apeg hours th@CHP makes, the more energy savings.
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Figure 6: Operating minutes Stirling engine duringa winter and summer day (outcome of model, see pageaph 4.2.1)

3.1.3 Solutions to overcomeCHP limitations: energy storage and supplementagting

As became clear from the previous paragraphsu@idP VPP operation is limited by technical and seako
constraints. Energy storage and supplementaryrigeatin (partly) overcome these constraints. Algwesthe
heat and electricity demand of an individual hoateblis highly variable, aCHP can not match this without the
help of grid electricity, supplementary heatingd @mergy storage (Newborough, 2004).

Heat storage

Heat storage is needed to cope with the operatlontions of theuCHP units for the following reasons. First,
uCHP units can not instantly follow changes in haaelectrical demand (low modulation rates) andtGé&iP
units can not cover peak heat demand. Heat staageolve this by supplying instant heat from tioeage.
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Figure 7: Operating minutes SOFC during a winter ard summer day (outcome of model, see paragraph 4.2.1

In addition, heat storage can prevent too mucli-stap operation offCHP units which decreases the lifetime
and in the case of a SOFC also the performancquEng start-stop also decreases the system efficlsecause:
» The overall efficiency is very low during start-bpcause the gas flow is high and the useful heaubu
very low and the electrical output close to zeraddock trial, 2008);
» The SOFC system has to be heated before to statdphe cell voltage will degrade with dynamic
operation.
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Simulations show that the number of start-stops @tirling engine can be reduced significantly wattheat

storage which increases the thermal efficiencyhef lCHP system. This is because with frequent stapg-ato
large part of the combustion heat is absorbed &uipated by the engine block instead of reachiegcoolant

(Beyer and Kelly, 2008). Another simulation studtréicher et al., 2008) showed that with heat gmrahe

number of start-stop cycles of a boiler signifidardecreased and the annual boiler efficiency iased. The
same conclusions apply faCHP units.

Also, heat storage increases the operational fléyilof the VPP system. Heat storage is needethédf VPP
operator wants theCHP units to produce electricity when there is eathdemand and vice vetsaResearch
shows that the use of heat storage increases éoriety production byuCHP units (Ruijg and Ribberink,
2004b). This implicates theCHP unit can achieve more operating hours whickdddga a higher operational
flexibility of a VPP.

During summer heat demand is so low, that a Sgirkngine VPP will almost not be able to operate
without the use of large scale (seasonal) storage.

For short term (daily/weekly) storage a cylindri¢adt water tank is the best option from a produmticost,
operational and storage efficiency point of viewitV2007). These systems are already on the maretare
typically in the range of 100 — 200 liters and wbaldd about €1000 - €2000 per household to thé W&

system cost. A problem is that a large part of@b&ch households does not have enough space f@r $ystems.
For long term (monthly/seasonal) storage the twetnoften mentioned options are storage in an aqaifel

storage with phase change materials (PCM). Fondinidual household however these types of systmgoo
costly.

Electricity storage

Electricity storage can also increase the operatitbexibility of a VPP since electricity can beostd during high
heat demand when the electricity demand is lowan the electrical output of theCHP. The stored electricity
can then be dispatched at a time that is commaratifactive for the VPP operator.

For a household itself electrical storage can &eoattractive. Because of the significant diffeeen
between the electricity price and the gas price (able 1) it is cheaper for the household to predits own
electricity with theuCHP than to buy it from the energy retailer. Howetre electrical demand can be highly
variable (see figure 8) and because of the opeyiitimitations mentioned in the previous paragrapuCHP can
not instantly follow electrical demand. An elediricstorage system could overcome these problems.

The most suitable electrical storage systems faiséloolds in terms of costs and size are lead-awidL&ion
batteries according to Blom (2008). The capitatza$ such a battery system are however extrenigly for an
individual household and such systems will noturéher included in this research.

13 Sometimes the VPP operator will want to shut dews@HP unit when electricity prices are low.
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Figure 8: Typical electrical demand profile of individual Dutch household (Oosterkamp and Van der Laag2003)

Supplementary heating
Also supplementary heating can overcome some otdbienical limitations ofufCHP units. A supplementary
boiler is needed for the following reasons:
1. Because aCHP can not instantaneously follow a change int&otwater demand, the boiler is needed to
provide this heat instantly;
2. The heat demand in a Dutch household can be asabkigB kW (Laag and Ruijg, 2002). Since fiGHP
units used in this research have a maximum of B/g &utput, a supplementary boiler is needed;
3. The boiler can also provide the VPP operator wittarflexibility, since it can shut down tiMcHP even
when there is a heat demand;
4. A boiler is also needed as a back-up in cas@@teP fails.

So concluding, energy storage and supplementatyngezan overcome the operating limitations of i@HP for
a large part and improves the operational flexipiif the VPP (more operating howt€ HP).

3.2 Technical problems related to the VPP control systa

No specific literature about most components ofUR® control system was found because they sttinie be
developed or are under development. So only a samflunt of information and problems were found in
literature and by personal communication with safe¥lCT experts.

The uCHP units are controlled via data communicatiowoeits. The households will be connected to a ckntra
VPP server via wireless communication networks (SRRATS) or Internet (Akkermans, 2006; ECN and
Gasunie, 2007). There are two problems associatbdwireless communication networks:

o Communication network life cycles change regufdriyhis is a problem if the VPP system has a longer
lifetime than the communication network system;

0 Wireless networks have limited bandwidth, so itidddoe researched if the communication system could
handle data traffic of large amountsy@@HP units. The data traffic between the househottithe VPP
operator is however only a couple of kB per 15 ifwian der Velde, 2008) so it is not likely to be a
problem.

Internet has these problems to a lesser extendyematuse of the Internet protocol the response ¢ivéd be to
slow for near real time control @CHP units. For the commercial purposes in thisaesesuch a fast response is
however not needed, so no problems are expected.

14 Wireless communication started with 1G and is meowing towards 4G networks. The problem is thaivoels and
appliances using these network need to change alithghese network generation changes.
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For local control systems no specific problems wetend in literature or were mentioned by ICT expefrhese
systems are currently being developed by severahwrcial parties (Salland Electronics, Sagem).

Software is needed for the central server to teileghe household and energy markets informatitindispatch
signals for theuCHP units. The central software is based on arri#ihgo made for a specific VPP objective. It is
possible to achieve multiple objectives with thgoaithm (Doorn, 2008; Van der Velde, 2008). Vanobo
(2008) indicated that the main challenge for depieig the software is to translate central contigkotives into
individual pCHP settings.

3.3 Possible network problems when connectingCHP/DG to electricity distribution networks

For VPP operation, a large baseu@HP units is needed. An often mentioned potentiablem is the impact on
the low voltage (LV) electricity network when comtieg DG anduCHP to it. The impacts of connecting
uCHP/DG to LV distribution networks were identifiedth literature research and with interviews witktwiork
experts. Also solutions to cope with the identifigdblems are given where needed and when available

High penetrations of distributed generation (DGh dead to network problems because most distributio
networks are designed to distribute power fromttaesmission system to consumers with power floviiom a
higher to a lower voltage level. With increasinghggation of DG, these power flows could reversd tre
power flows and voltage will be determined by loadsvell as generation and the network becomegeacti

First the impact on network voltage is discusse®@.B11. Then potential fault level problems arecdssed in
3.3.2. Network protection problems are discusse®.B13. In paragraph 3.3.4 power quality problems a
presented that might arise when DG is connectethaogrid. The possible impacts on network stabiitg
presented in 3.3.5. In appendix B, a more detallecussion of the network impacts is presented.

3.3.1 Voltage

The voltage topics discussed in this paragrapHoarger (>1 sec) timeframe problems and deal withtiraly
large voltage deviations. Short timeframe (<1 spmblems with smaller voltage deviations (harmonics
fluctuations/flicker, transients) are related tomeo quality and will be discussed in paragraph43.¥.oltage
stability is also a longer timeframe issue but Wwél separately discussed in 3.3.5.

The voltage in distribution networks should stayhm specified limits to prevent damage on or mattioning

of electrical equipment and customer appliancesh@Netherlands: 230V +/-5% during normal opergtid he
impact of an individual micro-generator on the migttion network is negligible but when a large roen of
micro-generators are connected or when the capatitydividual generators is high, voltage problemight
arise.

Connecting DG to can also have a positive impacthennetwork voltage, but this not of relevance for

evaluating the technical feasibility. The focuslwhius be on the negative voltage impacts that eoctimg DG
might cause. The positive voltage impacts are destin appendix B.

Negative voltage impacts

When a DG unit is connected to the distributionvoek, the electricity flows in the circuit changedathus also
the voltage profile. The networks and transformeme designed to provide the most remote customieichw
experiences the highest voltage drop, with an dabép voltage levél during maximum load (when network
voltage is lowest). During minimum load (at nightfie voltage in the network is just below the maxim
statutory voltage limit (see fig. 9). So when thmwer is fed in the grid byCHP units, the voltage level can
exceed the upper voltage limit, especially at the ef the distribution line (see fig. 10) (Dondiadt, 2002; PB
Power, 2003b; PV Upscale, 2007b). See appendix B foore elaborate discussion of the impact of DGhe
network voltage.

15 The bigger the distance between de load and therg®r/feeder, the bigger the voltage drop overellctricity line. The
voltage is highest at the generator point and lbaethe most remote load point.
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Figure 9: Voltage profile without DG, adapted fromBP Power (2007)
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Figure 10: Voltage profile with DG, adapted from (BB power, 2007)

Several authors have researched the impacts ommstwhen connecting 1-1.2 kW micro-(co)generatorgK
and Dutch LV networks. The general conclusion iattlarge amounts of micro-(co)generators can be
accommodated in existing LV networks without adjusats to equipment or networks (Boxum et al., 2000;
Cipcigan et al., 2007; Kelly et al., 2008; KEMA 20002, 2003, 2005; Mott MacDonald, 2004; PV Upsca
2007a; Thomson and Infield, 2007b, Tran-Quoc, 2003)

Simulation studies and field tests have been pmdron the basis of which penetration level thrieishfor DG
in the LV network have been determined. In tablbese allowable penetration levels are summarised.

Table 7: Allowable penetration levels of DG in exiing LV networks without causing voltage limits tobe exceeded

Source Penetration level without voltage problems
PV Upscale (2007a) 75% of the transformer capacity

PB Power (2003a) 48% of number of households

Thomson and Infield (2007a) 50% of number of hookish

IEA (1998) 80% of number of households

Voltage impact with VPP operation @€HP units

18 UK networks are to a large extend similar to Dutetworks, see (KEMA, 2005)
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The biggest problems arise when a DG unit feedk bkectricity to the grid during minimum load sinttés can
cause the voltage to rise above the upper voliage During minimum load the heat demand is ugualso low
so stand-alone heat-lg€€HP units are not likely to cause problems.

When the VPP is used to trade on electricity markaiso no problems will arise because the elédgtric
prices are normally low during minimum load andsielectricity feed-in will be avoided by the VPReogtor.

3.3.2 Fault level

A fault is an unintentional short circuit betweavotconductors or between a conductor and ground.fahlt
level of a network is the maximum fault currentttlaws to the short circuit point. The fault cunteshould not
be too high to prevent that the switchdéaets damaged/destroyed and is not able to breakutrent. This
could lead to explosions and fire.

The total fault level of a network is determined the fault contribution from the upstream networld dault
level contributions from DG units. Thus when cortitec DG units to the grid, the total fault levellwdhange.

Increased fault currents can be caused by diremtignected rotating synchronous and induction
generators (see appendix A ) and to a much legsemceor not at all (depending on the converteelyyy power
electronic interfaced DG units like fuel cells (Eenfied et al., 2007; Jenkins et al., 2000; KEMA, 20@B
Power, 2007; PSERC, 2006; Wall, 2001). Howeverfadt level contribution of direct connecta@€HP Stirling
engines is very low compared to the fault levehef grid (Bozelie, 2009).

KEMA performed several studies (KEMA 2001, 20020202005; Boxum et al., 2000) for Dutch and UK DSOs
and concludes that impact p€HP on the network fault levels is very small. &lsther reports conclude that a
high penetration of small scale DG to the LV netwdoes not lead to significant increases in fauels and that
that the fault level contribution from the upstreagiwork is always higher than that from small edaG units
(Emhemed et al., 2007; Halcrow Group, 2003; PV des007b; Tran-Quoc et al., 2003).

3.3.3 Anti-islanding / loss of main (LOM) protection

The most often mentioned problem concerning netwwtkection is the islanding phenomenon. In casa of
network fault, the faulted part of the network edestively disconnected from the rest of the neknbirough
relays and fuses. Islanding is defined as “anyasitn where a section of electricity Network coniag
generation becomes physically disconnected fromDXN®'’s or user’s distribution network, and one oorm
generators maintains a supply of electrical entwghat isolated network.” (PV Upscale, 2007b, 9. 3n figure
11 this is illustrated.

Transfomer
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keeps energizing
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et

Figure 11: Islanding in a distribution network

Two types of islanding are possible:

" Network protective devices like electrical discents, fuses and circuit breakers
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» Intentional/operational islandingDG units are used to supply power within acceptalltage and
frequency limits to the customers in case of pegped (maintenance) disconnection from the network
power supply. Islanded operation is usually howerdy allowed when the unit is disconnected from th
grid by most grid codes (Jenkins et al., 2000) eRumlly all (\CHP units can be operated in islanded
mode with small modifications (Bozelie, 2009);

* Unintentional/unwanted islandinghe DG units continue operating when they argoeged to disconnect
in case of a network fault. This is considereddatproblem. The chance of unintentional islan@nupt
negligible according to Arsenal research and Eccinoiel (2005) and Brundlinger and Bletterie (2005).

The main problems with unintentional islanding electric shock hazard, power quality problems bseeaGHP
units are usually not equipped with voltage anduency control, and reconnection problems (seerajip® for
more detailed description) (Kumpulainen and Kaugiami 2004; Kumpulainen et al., 2007; Resource Dyoam
Corporation, 2006).

To prevent unintentional islanding the DG unit mdstect the loss of mains and then disconnect tragrid.
There are three types of anti-islanding/LOM pratttmethods available of which telecommunicatiosduh
methods are considered to be the most effectivatmtlso the most expensive (Horgan et al., 2082ett et
al., 2004; Kumpulainen et al., 2007). How effeetan anti-islanding method is however also stroniglyends
on the grounding method of the network which cdfedeven within one country (Geschiere, 2009).

When theuCHP units of the VPP are disconnected from the, gngbort to the grid is no longer possible and
therefore no electricity trade. AlCHP units can however potentially operate off-gidh minor changes
(Bozelie, 2009) and have a supplementary boilehesad supply can always be guaranteed.

3.3.4 Power quality
Power quality problems can cause electrical dewiésil or malfunction and therefore power quajfigrameters
must stay within specified limits. Power qualityenes to the quality of voltage and/or the qualifycarrent and is
defined by Sankaran (2002, p.1) as: “Power quasitya set of electrical boundaries that allows aeief
equipment to function in its intended manner withsignificant loss of performance or life expectgnclhe
main power quality problems related to connectimglsscale DG are:

* Harmonics (Barker and De Mello, 2000; El-Samahy Bh&aadany, 2005 Fuchs and Masoum, 2008;

Jenkins et al., 2000; Tran-Quoc et al., 2003)

* Voltage unbalance (Jenkins et al., 2000; PB PoR@87 ; Trichakis et al., 2006)

* Voltage dips (Renders and Vandevelde, 2006; Rengefs)

* Voltage flicker (Jenkins et al., 2000; KnazkinsP20NREL, 2003)

In appendix B a more elaborate discussion of piatembwer quality issues is given. Below, the miamdings are
discussed.

The biggest power quality concern is the productibharmonics by DG units connected to the grichvgibwer
electronic converters. Harmonics can increase $ossand cause maloperation of electronic devioekscables.
Harmonics are defined as “sinusoidal voltages oreas with frequencies that are integer multigiethe power
system fundamental frequency” (Fuchs and Masou®8,20. 8). Mainly problems are expected when cotimgc
DG with older thyristor convertors (Kauhaniemi, 2DOHowever small scale DG units are usually cotedkto
the grid with newer converter tygd&gBozelie, 2009), which cause much less problensSémahy and El-
Saadany, 2005; Jenkins et al., 2000; Kauhanierdi320

The three biggest distribution network companieshim Netherlands reported that harmonic problems
only occurred in special cases (resonance) withrtay connected PV-panels (PV-Upscale, 2007a).study by
PV Upscale (2008) measurements on four sites wiflerdnt network and load characteristics and hijhh
penetration (up to 80%) confirmed that the powealitylimits were in general not violated. See apgig B for a
more detailed discussion of harmonics.

18 Insulated gate bipolar transistors (IGBT).
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Voltage unbalancd problems are expected when large numbensG¥P units are connected to one phase of a
three phase system (Econnect Ventures Ltd., 208@jvever most Dutch households have a one phase
connection, so it is not likely to be a problem.

Voltage dips can be exacerbated by DG units if they disconnected by the voltage drop by anti-
islanding protection. However converter connecteitsUlike SOFC) as well as Stirling engines hagtage dip
ride through capabilities and thus no major prolsleare expected (Bozelie, 2009; Renders and Vamdkevel
2006).

Voltage flickef’ can occur with frequent start-stop operation of DBts and by sudden and large
variation of DG output (Jenkins et al., 2000). DAtsl equipped with voltage regulation can howeveavent
voltage flicker (NREL, 2003).

3.3.5 Network stability

The stability of the power system depends on how iwvean respond (return to steady state operation
changing power demand and to disturbances, whiehttze two main sources of power system dynamics
(Machowski, 1997). Large disturbances like faulia cause stability problems and may even leadltapse of
parts of the network. Problems with stability vafily occur if very large amounts pg€HP will be connected and
will replace a large part of the central power syg@eschiere, 2009).

There are three kinds of stability: (1) rotor angtability”!, (2) voltage stabiliif and (3) frequency stabilft
Each will be shortly discussed below. See appeBdr more details.

Rotor angle stability

Simulation results from Azmy and Erlich (2005) shdvat high utilization of power electronic interéat DG
units (fuel cells, micro-turbines) connected to thé grid can improve the small signal stability. rEgtly
connected synchronous DG can cause local or inéerdastabilities depending on system’s topologperating
point, and control parameters (Genc and Usta, 200&)export of power byCHPs is possible up to 60% of the
transformer capacity without causing voltage srmsigihal instability problems (Bozelie, 2009).

DG units connected to the grid with power electtergan improve the transient stability by decrapsin
the magnitude of the maximum power angle deviatietween synchronous generators. Voltage and freguen
control of DG is an important factor for maintaigiar improving transient stability (Thong, Vandesue et al.,
2004; Reza, 2006)LCHP systems are however usually not equipped valtage and frequency control so when
they will (partly) replace the power supply by gehtgenerators, the transient stability might warsélso the
power system inertia and the reactive power supa@timportant factors for transient stabilipCHP units
contribute very little to the power system inerté®, high penetrations ofCHP might negatively impact the
transient stability Reza (2006). However Reza fotimat up to 50% penetration level no stability peots
occurred. A reduction in power flows will improviet transient stability andCHP can reduce power flows in
networks and thereby increase the transient dtalfiieza et al., 2004). So only at very high peaigin levels,
uCHP could worsen the transient stability but it eso improve it by decreasing the power flows.

Voltage stability

To maintain the voltage stable, reactive power dehand supply must stay balanced. Both convertsedanits
with reactive power control and directly connecssdchronous generators can improve the voltagelisteiy

providing reactive power (Azmy and Erlich, 2005;e@het al., 2006; Thong, Dommelen et al., 2004)udtidn

generators that draw reactive power can worsewdliage stability (Thong, Dommelen et al., 2004pweéver
newly installed induction generators are usuallynezted to the grid with modern power converters|@")

19« .a condition in which the three-phase voltagdtedin amplitude or are displaced from their notth20 degree phase
relationship or both” (Trichakis et al., 2006, )8

% Dynamic variation of the network voltage that aithe brightness of lamps to fluctuate.

% The power system is stable when the generatoratdeeto remain in synchronism after being subjittea disturbance.
There two types of rotor angle stability: smallrgfjand transient stability.

2 “the ability of the power system to maintain stgadltages at all buses in the system after beitijested to a disturbance
from a given initial operating condition” (Kundutr &., 2004, p.1390)

3« the ability of a power system to maintain stea@yjérency following a severe system upset resultiraysignificant
imbalance between generation and load.” (Kundat.e2004, p.1392)

24 Doubly-fed induction generator
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that do not draw reactive power and therefore dohawe a negative impact on the voltage stabikiyazkins,
2004). So in general no problems are expected.

Frequency stability

With increasing levels of power electronic inteddcDG, the rated output of (central) synchronousegsors
decreases which means a decrease in absoluteegsamer from the synchronous machines. This casecau
higher maximum frequency deviations (Azmy and EBxli2005).

3.4 Conclusions technical feasibility of quCHP VPP

Conclusions technical problemgCHP units

A general problem is thatCHP units have slow modulation rates and can thegefiot instantly respond to
energy demand changes. Also the overall efficiaidie Stirling and SOFC is very low during staptand shut-
down and the units have a lower efficiency duriagoad.

Stirling engine

The biggest problem of the Stirling engines ishitgh thermal output. Because of this, the Stirlgag only be

operated for a couple of hours per day during sumfwithout dumping heat). This implicates that eith
seasonal storage or a significant amount of backermiral power generating capacity is needed toagiee

power supply during that period. Since seasonahgtis very expensive for individual households dre back-

up central power capacity will almost not be usedrd) winter, this is a major problem for the Stig VPP.

SOFC

The main problem of the SOFC is that it is notahlig for dynamic operation without performance ddgtion
and decrease in lifetime. There are suppliers ¢lain to have solved this problem, but no publiakailable
evidence for this claim yet exists. Their low heatput increases the VPP operational flexibilityidg summer
(12 hours per day possible) but decreases thisbilix during winter, since the units will then baperated
constantly at full maximum output to fulfil houséti@emand.

Energy storage and supplementary heating

Energy storage and supplementary heating can awereoost the above mentioned problems to a largendxt
They also provide the VPP operator with more opemat flexibility by decouplinguCHP production and
household energy demand and increasing the opgtatuns of the@.CHP units.

Assuming heat dump is not desirable and there ikeat network, the VPP operation is limited by heat
demand (lower limit) and the heat storage capdaipper limit) ofindividual households. In principle the heat
demand can also be provided by a supplementargrbaihen it is not economically attractive for thé®/
operator to operate theCHP, but this would decrease the energy savinghfiatef theuCHP VPP system and is
therefore only allowed for small periods of time.

Conclusions technical problems VPP control system

No major problems were identified for the contrgstem from the scarce information that was avaglaiout
this topic in literature and experts. The only peolb might be that the wireless communication nekwde
cycles change regularly which would mean the lgoatroller would need to be adjusted when this bapp

Conclusions network impacts

Large penetration ofiCHP is possible (sometimes up to 75%) without capsioltage limits to be violated.
Unintentional islanding could occur which can leagdower quality and safety problems. Several isfainding
methods have been proposed of which telecommuarcéased methods are considered the most effdmtitve
also the most expensive. The fault level contrdoutf pCHP units is insignificant compared to the faultele
contribution of the upstream network and no majwgr quality problems are expected to arise.

Only if very large amounts QfCHP will be connected to the LV grid and will diapé a very large part
of the central power supply, network stability deshs might occur. No small signal instability prefls are
expected with net export of power byu@HPs up to 60% of the transformer capacity. Highgbetion levels
(>50%) uCHP can worsen the transient stability but can akso improve this stability by decreasing power
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flows. No problems are expected with voltage ingitgbHigher maximum frequency deviations can lzeiged
by connecting large amounts of power electronierfaced to the grid.

It should be noted that the largest part of theienged literature used simulation models and notiact
measurements to determine the effects of largedogblementation off CHP/DG. So conclusions should be
confirmed by large scale field tests. Also the iotpaof connecting DGCHP depend highly on the specific
network configuration and therefore the DSO sh@hdays investigate for that specific network whetlmits
will be violated.

Almost all identified problems can be solved byhi@cal solutions at a certain cost. So the conopaif
large amount ofiCHP units is not a technical problem but an econane. Also the introduction gfCHP will
probably evolve gradually and thus the distributieystem operators (DSOs) will have sufficient titoe
investigate the impacts @CHP connection to their networks and adjust thguigment where necessary.

In general it can be concluded that large amouhteChlP units can be accommodated within existing neksvo
without causing major network problems and withieaving to make adjustments to the networks or eneiiy.
In some particular cases (higicHP concentration) network equipment might neete@djusted, reconfigured
or uprated.

Next...

The main technical problems have been identifieti@ssible solutions have been discussed. It caohauded
that a VPP system is technically viable at a certaist. Commercial parties shall however only ibwesuch a
system if the economic prospects are also posifikerefore, in the next chapter it will be evalghifethe system
is economically viable or that some form of goveemtnsupport is needed to make the system viable.
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4 Economic viability of apCHP VPP

Economic viability can be defined as the ability aofSystem to be profitable in an open, competitharket
without the need for external subsidies or protec(Lin, 2002). The economic viability determinebether or
not commercial parties like energy companies wanlest in such a system without any government supp
This is important to know for making recommendatidor possible government support. The followingech
guestions will be answered in this chapter:

Under which conditions can a mic@HP virtual power plant be implemented and operatedconomicall
viable way?
* Can auCHP VPP be operated as a conventional power plamain economically viable way?
0 What are the costs of electricity production @iGHP VPP?
o How do these costs compare with the wholesale etad electricity prices?
* Under which conditions can the implementation pC&lP VPP be economically viable?
o Which indicators can be used to determine the ewonwiability of a system?
0 How does aaCHP VPP system score on these indicators?
0 What factors influence these indicators the most?
o How much need these factors be changed to breakveitte the investment costs?

Since the VPP system can be seen as a (partiddicezpent of conventional power plants, the analyslisbe
based on the commercial purposes that are commadhedse power plants. Conventional power planteéher
operated in base-load, intermediate-load, or peall Hepending on their marginal cd5tén paragraph 4.1 the
possibilities for operating @gCHP VPP as a base, intermediate or peak plantnalgsed based on energy output
and costs of electricity production. The most comnmdicators used to determine the economic vighdf a
system by investors are the net present value (NfP®)internal rate of return (IRR) and the disdedrpayback
time (Hendriks, 2009). In 4.2 these economic vigbihdicators will be calculated for theCHP VPP. Not all
costs and benefits are included in theses calounktand therefore in 4.3 other potential costs l@emkfits are
identified for the most important actors.

Two main scenarios will be used a basis for thenecuc analysis in this chapter:

e Scenario 1:uCHP as a replacement of the condensing boilein this scenariofCHP units (including
supplementary boiler) are already installed onrgelascale and bought/leased from an energy company
by the households. The energy company only invedtse control system and the heat stofagemake
the VPP operational. TheCHP units are indirectly controlled by the VPP @per by price signals. Gas
at consumer gas price is used as an input for@¢P and exported electricity is sold by the houkkltm
the VPP operator for the feedback tariff (see 3.2T®e exported electricity is traded by the VPP
operator.

» Scenario 2:pCHP as alternative for district heating systemin this scenario, the VPP operator decides
to invest in auCHP VPP systemuCHP’, storage, control system) instead of a central®eé coupled
to district heating system to provide household wieat. The VPP operator has direct control over t
UCHP units. TheiCHP units will be placed before the consumer mstethat gas at the wholesale gas
price is used as an input. Electricity and heatipced by the«CHP is sold to the household and excess
electricity is traded on energy markets by the \dpErator.

This might be an interesting option for an energmnpany because the application of a district
heating system is economically limited to newlylbbouses and densely populated areagCAIP VPP
can also be applied in existing housing and rues avithout additional costs.

4.1 Base, intermediate, and peak load operation of agCHP VPP
One of the conclusions of the previous chaptertiasVPP operation is limited by individual houskhenergy
demand. Therefore in paragraph 4.1.1 the feasilfdit auCHP VPP to be operated in specific mode is analysed

% The higher the marginal costs the higher a povantwill be in the dispatch merit oder and the éowhe number of
operating hours per year.

% Assuming this is not yet installed and that thisrsufficient space.

2" LCHP systems will have an integrated supplementaifgt) see Remeha, 2008 for example.
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by comparing the energy output of theHP units with the energy demand of the househdd4.1.2 the costs
of electricity production of theCHP VPP are compared with wholesale and retaikpriger operating mode to
determine the economic viability.

Base load plants are operated for 6000 — 8000 tpmurgear, intermediate load plants between 7@DO Gours,
and peak load plants for 700 hours or less per (Ralt et al., 2006; Smaardijk et al., 2005; Steinleportal,
2002). For the calculations in this research iissumed that a base load plant will operate fof #&furs, an
intermediate load plant for 4500 hours, and a peat plant for 500 hours per year.

4.1.1 Heat and electrical output of the&CHP VPP vs. the energy demand of a household

In figure 12 and figure 13 the heat and electrigitytputs of a Stirling engine and SOFC (based an th
assumptions from table 5) when operated in theetbperating modes are compared with three averageyy
household energy demaritieetrieved from Nuon Retail (see table 32 in appe.
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80 O Heat output SOFC
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Figure 12: ThenCHP heat output given the operating mode vs. the hisehold heat demand
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Figure 13: ThenCHP electrical output given the operating mode vahe household electricity demand

Stirling

%8 Average energy demand from households with a leatécity and gas demand, with a medium elecyiaitd gas
demand, and with a high gas and electricity dem@hd.gas demand data were converted into heat debyamultiplying
the gas demand by 0.97 to subtract gas that isfasedoking and times 0.8 to take into accounte@rage conversion loss
of boilers (LHV gas: 31.65 MJfih
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From figure 12 it can be concluded that base atafrimediate load operation of Stirling engine wolgldd to a
heat dump even at households with the highestdezaaind and is therefore not desirable. A peak dpeiation
would be possible for all household demands witltumhping heat.

SOFC

A SOFC can be operated at any mode without dumipaad. For households with a high or medium heatatem
the heat output of a SOFC would however be noicefit to meet heat demand even if it would be afset in
base load. This means the supplementary boilerdvbale to produce a large part of the heat whichladvo
decrease the energy savings of cogeneration. Wikthsa load operation, the heat demand of househatldsa
low heat demand could be covered. From figure tantbe concluded that when operated as a baselmai a
lot of electricity will be exported when the houskhhas a low or medium electricity demand. This ba used
for trade by the VPP operator.

VPP

As explained in paragraph 3.1 the VPP operatiod thas the operating mode- is limited by individhalsehold
heat demand and storage capacity. A VPP base tarthediate load operation is therefore only possiith a
SOFC only VPP (preferably installed at households Yow heat demand). Peak load operation is féadidyr

both types ofuCHP although the household heat demand would haveetcovered almost completely by a
supplementary boiler in case of a SOFC VPP. Whenu@HP VPP is operated as a base load or intermediate
load plant in a household with a low or intermegliatectricity demand, a large part of the eledirigvill be
exported and can be traded by the VPP operaton efeatricity market (see figure 13).

In the above analysis it is assumed that the heateatricity produced by theCHP will be fully used by the
household. Because of the operational limitationthe uCHP units (like low modulation rates), heat storage
supplementary boiler and grid electricity will beeded to follow household heat and electrical dehewen if
thepCHP output is higher or equal to the household aeina

The feasibility of operating aCHP VPP as a conventional power plant based onggnautputs has been
discussed. In the next paragraph the feasibilitthefthree operating modes based on the marginalezelized
costs of electricity is analysed.

4.1.2 Costs of electricity production ofi&®CHP VPP vs. wholesale and retail electricity prices
Next to the match between VPP energy outputs anddimld energy demand, the costs of electricitgdyocton
are an important factor in power plant dispatch.

A power plant will only beoperatedif it can at least cover its short run marginatsd (SRMC) by the electricity
price. In a perfectly competitive market, electsicirom power plants is sold at a price equal te gort run
marginal costs. A power plant will ievestedn only if also the investment and fixed costs camdm®vered by
the electricity price (ECN, 2003). The levelized/geaged) costs of electricity (LCOE) generationl vioié
calculated to take into account these fixed cdsiscover the fixed costs, the electricity price ddaherefore be
higher than the SRMC for long enough periods. Tikidlustrated in figure 14. Both types of costdlviie
calculated and compared to historical wholesal¢ soket (APX) and retail electricity prices.

For sake of simplificatiofi, it is assumed that the lifetime is independerthefoperating mode and that
the maintenance costs are proportional to the tpgrame.

% The short run marginal costs are the costs neededuce one extra unit of electricity with ekistcapacity. Short run
marginal costs only consists of variable costthéke costs are not covered by the electricityeptiee plant will not be
operated because a loss would be made.

% No literature was found on the relation betweeerapng hours and lifetime/maintenance costs.
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Figure 14: Short run marginal costs vs. electricityprice (Lindboe et al., 2007)

Short run marginal costs (SRMC)

The short run marginal costs only consists of \dgi@osts like the fuel costs, the price of L&missions rights
and variable maintenance costs. SinGP does not fall under the G@mission trade scheme, (see paragraph
5.2.3), the short run marginal costs therefore ists1®f the fuel and variable maintenance costsceSithe
maintenance costs are assumed to be proportiontagtoperating time, the marginal costs are theestamall
operating modes. The marginal fuel costs of elgtgrproduction can be calculated by determining glas costs
per kWh,and then subtracting the part of the costs thasesl for producing heat. This way only the marginal
costs for producing electricity are obtained. Tléofving formula is used (see table 8 and 9 fouisjn

(1)

SRMQ| - Pel ngaQIPeI + Cmain

H+ I:)el ”el Eprod
where R, is the gas price in €/kWhgRhe electrical power output in kW, is the electrical efficiency, H is the
heat output in kW, G, are the yearly variable maintenance costs in €lgd E.q is the yearly electricity
production in kWh/yr.

Levelized cost of electricity (LCOE)

The LCOE also includes all fixed and investmenttcakiring the lifetime of the system. Since someheke
costs will occur in the future, the time value ofbmey" will be taken into account by including an
interest/discount rate of 8%. Only the investmesgts, maintenance costs, and fuel costs are coedide the
calculations (see table 8). No salary, insurancelecommissioning costs are taken into accourg. JOOE are
calculated with the following formulas (adaptednfr&/erkooijen, 2008):

LcoE=_ Ko g+’ 2)
P, (PF (1+1)" -1
K, =1, +grtD 1 3)
)"
9=(g,+9:)P, 4)

31 Money is worth more today than in the future beeatoday’s money can be increased with a yeartyeést rate when put
on a bank.
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where, n is the lifetime of the system iK the present value of the costs in £j$the power output in kWi is
the interest rate in %/yr, PF are number of opegatiours per yeary bre the investment costs in €/kWl/yr, g are
the variable cost in €/kW/yr,ghe maintenance costs in €/kW/yg,tge electricity fuel costs in €/kW/yr.

Table 8: Assumptions for economic calculations (basl on sellers information and EPRI (2002))

Stirling engine SOFC (stack)  Control system  Héartage”

Capital costs 3000 5000 (1000) 200 1000

(€/household)

Average 60 1763 (- . .

maintenance costs

(Elyr)

Lifetime system 15 10 (5) 15 15

(yrs)

Table 9: Consumer and wholesale gas prices (APX datervices, 2009; EnergieNed, 2007, 2008)
2007 2008

Consumer gas price 0.082 0.083

Wholesale gas price 0.015 0.025

(TTF)

In table 10 and 11 the outcomes of the cost calonk are presented. The two scenarios will beyaedl
separately for each VPP type because the costeaadues are different:

» Scenario 1 the produced electricity is either consumed l®yhbusehold or exported to the grid. For the
exported electricity the VPP operator will have gay the household the consumer electricity tariff
(including energy tax and VAT) (see paragraph 9.2IBus the marginal costs for the VPP operator are
equal to that tariff. The VPP can only trade thpezted* exported electricity and can do nothing with
the rest of the produced electricity.

» Scenario 2 the produced electricity is either sold diredtythe household or if the household demand is
expected to be lower than the production, the exettricity is traded on an electricity markedtr Ehe
direct sales to the household the retail price auitrenergy tax and VAT is used to compare the costs
with, since this is what the VPP operator will adlyearn.

Below, the costs of electricity production of arl8ig and SOFC VPP are compared with the wholezateretail
electricity price for each operating mode to detearthe viability for operating the VPP like a cemional
power plant.

Stirling engine VPP

From the previous paragraph it was concluded thsé¢ fand intermediate load operation for a StiNiR® is not
possible without dumping large amounts of heat.rd@loee only peak load operation was analyzed f8tiding
VPP.

Scenario 1

From table 10 and figure 15 it can be concludetilidn scenario 1 the SRMC are much higher tharatrerage
wholesale APX price and that the SRMC are not addry the APX price for a large part of the year.tRe
operational costs can not be covered. The sambecaoncluded for the LCOE which means the capdsisccan
not be recovered with electricity trade.

Scenario 2

32 Seehttp://www.omnia-online.nl/indexl.htnfbr price indications

% Includes stack replacement after five years. &etlan suppliers estmimations.

3 No real time trade is possible. All power capabify to be offered in advance in trade transact®oashe VPP operator
has to anticipate how much and when electricity beél exported.
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The SRMC are much lower than in scenario 1 bectheselectricity can be produced with gas at thelegade
price and because no feedback tariff has to be pael LCOE are higher than in scenario 1 becaugieeoiigher
capital costs. The SRMC are covered for the langadtby the APX prices during the year (see figlbeand the
average APX and retail price are higher. So theatjpmal costs can be largely covered. The LCOEhamever
much higher than both the average APX price anddtadl price and the APX price are never highairduthe
year, so the capital costs can not be recoverddelectricity trade and sales.

Table 10: Costs of electricity production of a Stiling engine vs. historical APX and retail electridy prices (APX Data
Services, 2008; Energiekamer, 2009; EnergieNed, &)O

2007 2008

Base Intermed. Peak Base Intermed. Peak

Scenario 1

SRMC (€/kWh)* 0.22 0.23
LCOE (i =8%) (€/kWh) 0.489 0.485
Scenario 2

SRMC (€/kWh) 0.024 0.034
LCOE (i =8%) (€/kWh) 1.117 1.128
Retail electricity price

(E/kWh)T 0.097 0.10
Average APX pricd€/kWh) 0.062 0.093

* The SRMC for scenario 1 are equal to the feedtiadkf, which will be equal to (up to 5000 kWh exp) the consumer
electricity price including energy tax and VAT
t The consumer price without energy tax and VAT.
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Figure 15: APX prices in per hour per year

SOFC VPP

The SRMC are higher than for the Stirling VPP beeaof the higher maintenance costs. The LCOE ateehi
because of the higher capital costs. In chaptéem@s discussed that dynamic operation of a SORCesid to
performance degradation and decrease of lifetirher&fore peak-load operation is not included inathalysis.

Scenario 1
Both the SRMC and the LCOE are higher than theaaeAPX price (see table 11). Only a few hoursyear
the APX prices are higher. So both the operatiamal capital costs can not be recovered by eldagttiade in

this scenario.
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Scenario 2

The SRMC can be covered for a large part of the lpgaAPX prices and also the retail prices are miigfher.
The LCOE are higher than the average APX priceratall price and only a few hours per year the Aiie is
higher. So the operational costs can be coveraslduyricity trade and sales but the capital coatsrot. A peak-
load operation would lead to large economical lesgleen the VPP is used for electricity only purpgose

Table 11: Costs of electricity production of a SOFQs. historical APX and retail electricity prices @PX Data
Services, 2008; Energiekamer, 2009; EnergieNed, &)O

2007 2008

Base Intermed Peak Base Intermec Peak

Scenario 1

SRMC (€£/kWh)* 0.22 0.23 0.22 0.23
LCOE (i =8%) (€/kWh) 0.146 0.177 0.141 0.172
Scenario 2

SRMC (€/kWh) 0.040 0.04( 0.052 0.052
LCOE (i =8%) (€/kwWh) 0.155 0.24 0.167 0.259
Retall electricity price

(E/kWh)T 0.097 0.097 0.10 0.10
Average APX pricd€/kWh)  0.042 0.051 0.070 0.081

* The SRMC for scenario 1 are equal to the feedtadkf, which will be equal to (up to 5000 kWh eq) the consumer
electricity price including energy tax and VAT
t The consumer price without energy tax and VAT.

Conclusion economic operating modg&€HP VPP

Scenario 1, in which theCHP units are installed behind the customer metemt an economically viable option
for a VPP operator because the short run operatomsaés as well as the capital costs can not bevezed with
electricity trade for both a Stirling and SOFC VRPthe second scenario where tit&HP units are placed before
the customer meter, the operational costs can vered with electricity trade and/or sales but thpi@l costs
can not be recovered for both VPP tyes.auCHP VPP is not economically viable as an electyicibly plant.

4.2 Calculation of economic viability indicators

Since it was concluded that scenario 1 is not am@muically viable option for a VPP operator, th@mamic
viability indicators will only be calculated for ecario 2. The most common indicators used to déberthe
economic viability of a system by investors are niie¢ present value (NPV), the internal rate ofme(RR) and
the discounted payback time (Hendriks, 2009). Taepmesent value (NPV) is the present v&lwé expected
future net cash flows minus the initial investmaaists during a certain period (Mayes, 2009). Theé/ NP
calculates the economic profit of an investmente Triiternal rate of return is defined as “the distaate that
makes the net present value of the investmentsriacstream total to zero” (Mayes, 2009). If the NiBVarger
than zero and the IRR is higher than the discoatet, the investment should be made (Mayes, 200@).IRR is
considered a measure of quality of the investmérilevihe NPV is measure of quantity. The discoumgagback
period is the time required to earn back the imaest with discounted future cash flows. See appe@dior the
formulas and assumptions used for the calculations.

To calculate these indicators all expected costs r@venues during the lifetime of the system shdudd
estimated. One of the revenues is trade of theategexported electricity on electricity markethe$e revenues
are determined in 4.2.1 with a spreadsheet modelnThe indicators are calculated in 4.2.2. Tordgte the

input parameters that are most critical for theugal of indicators, a single factor sensitivity gsed was

performed in 4.2.3. How much these parameters drehdnge to break even is calculated in 4.2.4.

% The present value is today’s value of future dshs and is calculated with a certain discoungrat
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4.2.1 Possible trade revenues on Dutch electricity market

First, a short description is given of trade opsian the Dutch market. Next, the most favourabiees to sell
electricity are analysed. Then, the model to dateuhese revenues is described and validated,. thaspossible
revenues are presented.

Electricity trade options in the Dutch market

The Dutch electricity trade consists of day ahead iatraday trade on the Amsterdam Power ExchaA§X)
spot market and trade in forward and future cotdraa the European Energy Derivatives Exchange XD
(Energiekamer, 2008a). The largest part of thetetdy trade consists of bilateral forward (ovéretcounter)
contracts traded via ENDEX or brokers (60% in 200 He rest of the electricity volume is tradedhe form of
futures on the ENDEX (24% in 2007) and day-ahead mmraday contracts on the APX (16% in 2007)
(Energiekamer, 2008a). The intraday trade volumeegligible compared to the total APX trade volufx&%)
(APX, 2009).

The price agreed upon in bilateral contracts itas the APX prices (Anderson et al, 2007) andptices of
futures traded on ENDEX are also comparable with APX prices (see Endex and APX site). So with
calculations based on APX prices, the possiblemaes of electricity trade with a VPP are largelyared.

APX price analysis

To determine at which times th&CHP VPP export should be maximized to maximize ARX profits, it was
analysed at which times during the year the APXgxiare higher than the average SRMC of a Stifn@R9
€/kWh) and a SOFC (0.046 €/kwWh) from scenario 2 @apendix D). From the analysis it was concludied &
StirlingﬁVPP needs to export between 6:00 and w0® a SOFC VPP between 7:00 and 21:00 to maximize
profits™.

VPP model description, assumptions, and validation

A spreadsheet model based on heuristics was deackltup calculate the possible trade gains. The ¢aitpl
individual u\CHP models were aggregated to calculate the td@& Wutput. The assumptions from table 5 and the
operating limitations from table 6 are used in thedel. See figure 16 for the inputs, contraintdpots of the
model. The outputs of the model will also be usgdchlculating other revenues and costs in paragdah2 and

for comparing the VPP with other systems in chapter

Yearly electricity
demand profile

Electricity production

Yearly gas demand LCHP

profile

Electrical efficiency Electricity from gric

HCHP Electricity to gric
Thermal efficiency
uCHP

pCHP model ) Heat productior
LCHP

h 4

Electrical output

WCHP Heat productior

supplementary
heater

Maximum boiler

capacity (Heat dumg;

Heat storage

capacity Heat demand always completely
covered by systemr

6£ ¢ C < T heat storage < 8% °C

Min < uCHP output < Max

Figure 16: nCHP model input, outputs and contraints

% Taking into account that offered capacity hasdalispatched the whole hour before the hour théshidade and APX
price is determined.
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Assuming the VPP operator wants to maximize itdifgrand also wants to prevent heat dump as much as
possible, the following VPP operating strategiesenaodelled.

Stirling VPP control strategy
The VPP control is an alternative operating modd teethe normal heat-led operating strategy of t8&lP. So
first the normal (heat-led) operating strategyasatibed and then the specific VPP control strategy

All household heat demand is subtracted directynfthe heat storage (water tank). The temperafuteeavater
tank should be between %5 and 83C to meet tap water and high temperature spacenigedémand (Van der
Laag and Ruijg, 2002). A water tank of 200 | isdige the model. If the temperature of the vessesgoelow
65°C, the Stirling will turn on and will add heat tioet storage until the water has reached a temperafl8%C.
Electricity produced in access of the electricignnd is fed into the grid and can be used to toadde APX.
The supplementary boiler turns on if the heat dehexteeds the available heat (*@bin the storage.

With VPP control thewuCHP produces at maximum power output during therdadentified in 4.2.2 if the
temperature in the water tank goes beloRGGEuntil 83°C) and no operation outside those hours to preteatt
exported electricity is traded at a price lowemnttize SRMC.

SOFC VPP control strategy

For the SOFC a different operating strategy is ehde prevent start-stop operation which degrade®pnance
and lifetime severely as explained in paragraptl3Tihe SOFC is therefore operated as a basafiatikate load
plant between 30-100% of its maximum thermal amttecal power output. If more heat is producecdhtisa
demanded, the excess heat will be stored the watkr(200 I). If the storage capacity limit is read (85°C),

the excess heat will be dumped. If the SOFC dodspraduce enough heat to cover demand, heat will be
subtracted from the heat storage, and if the teatpey in the heat storage goes belo®GHheat will be provided

by the supplementary boiler.

The same VPP control strategy as with the Stinirogld lead to a large heat dump (436 kWh for a bbaokl
with average energy demand). So a slightly diffeNRP control strategy is used. Maximum possitEHP
power output given the heat demand and heat staagugcity during the hours identified in 4.2.1, amidimum
output in the other hours.

Other model assumptions (see reflection for critdiacussion):
- All heat produced by theCHP can be fully used by the household;
- No gas consumption @iCHP units during start-up;
- Negligible heat losses from hot water tank;
- No parasitic load ofiCHP system;
- Thermal and electrical efficiencies are assumdzktbnearly interrelated
- Efficiencies are assumed to be same as with ratgoubduring start-up/shut-down of the&CHP and
during part-load operation.

Model validation

To validate the model, the outcomes of the model @mpared with the outcomes of other models. The
assumptions of the other models/field tests wessl @ much as possible as input for the developstehto
make a good comparison possible. In tables 12 &nithé percentage deviations of the outcomes ofrtbéel
from the outcomes of the other models are preseg(sieal appendix E for exact figures). The model utstjpf
Houwing (2009) and Ruijg and Ribberink (2004b) wehesen as reference to compare the model witlausec
exactly the same demand profiles were used as amlialso largely the same control strategy is.used

Validation Stirling model

In table 12 the deviations of the outcomes of tloel@hwith the outcomes of the model of Houwing presented.
It can be seen that the model produces less @liggtaind exports significantly less. That the moplelduces less
electricity than Houwing’s model can be almost c@atgly explained by the fact that the supplementariler is

37| power output is at 30% of the maximum powerpuif the thermal output is at 30% of the maximuerital output
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used more in the mod&I This implicates (given the heat-led operating e)dtiat the Stirling is operated less and
thus also produces less electricity. This can péstly explain why there is less export. The sup@etary boiler

in the model is used more because the boiler inwitggls model is operated within a smaller heat ager
temperature rande That the model exports much less could be bedhesstirling is operated at different times
than in Houwing’s model and théCHP production times therefore matches more wiglstétity demand times.
However there is no insight into operating timeshaefuCHP in the model of Houwing so this explanationidou
not be verified. For the economic viability caldidas less production implicate less electricitiesaand less
export implicates fewer revenues from electricigde.

Table 12: Deviation of outcomes Stirling engine maa with outcomes of Houwing’s model (see also app#ir E)

Deviation from
Houwing model

Produced electricityCHP (%) -7

Imported electricity (%) -9
Exported electricity (%) -30
Produced heatCHP (%) -7

Validation SOFC model

In table 13 the deviations from the output of thedei with the outputs of the model of Ruijg and B&knk
(2004b) are presented. The same deviations asthetiStirling model can be seen. Again the suppléangn
boiler is operated slightly more in the model whiehads to less electricity production by il@HP in a heat-led
operating mode. This can be explained by the featt Ruijg and Ribberink assume a higher thermatieffcy
which means a larger part of the heat demand cafulfibed by the uCHP without the use of a boiler. Less
export could be explained by different operatimges of thewuCHP. However the author has no insight into the
exact operating times of the SOFC from the mod&uifg and Ribberink so this could not be verified.

Table 13: Deviation of outcomes SOFC model with oabmes of Ruijg and Ribberink (see also appendix E)

Deviation from Ruijg
and Ribberink’s

model
Produced electricityCHP (%) -7
Imported electricity (%) -11
Exported electricity (%) -17
Produced heatCHP (%) -7

Possible VPP revenues from trade on APX

The above described model was used to calculateotitiputs of individualuCHP units which were then
aggregated to create the output of a VPP consisfidg0,000 units. The model outputs are based diffé&ent
household electricity and heat demand profiles (sdde 14). Based on Nuon Retail data per segment a
proportion of the total households is assumed ¢atéid as percentage). Six of the segments are lwased
measured 10 min. electricity and gas demand psofillee so called EBA-patterns) which were obtaifrech
ECN* and University of Amsterdam. For the other thregnsents (for which no measured data were available)
demand profiles were created with the profile methogy combined with the retail datgsee appendix D for
more details and explanation of methodology).

The VPP operator will bid the expected exportedtdalgty into the APX at zero price to ensure thaditthe
exported electricity is sold. The revenues wereuated by multiplying the weighed aver&gexport per time

3 Exactly 7% of HouwingaCHP heat production is produced by the supplemgii@iter in the model. See Appendix E
%9|n the model the boiler provides heat to the gferliom 65-85°C. In Houwing’s model this range2s-58 °C.

“0 A Dutch energy research institute.

“*1 The profile methodology is used to forecast enelgyand of non-measured customers. For each yeaniribite fractions
of the total yearly electricity and gas demandda®rmined by Ecofys based on measured energy dkeofianultiple
households which are then aggregated and averaged.

“2The export per time unit per household segmentiptied by the percentages assumed in table 16
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unit with the (forecasted) electricity price pand unit and with the number of households. Foredaskectricity
wholesale prices by Nuon Risk Management were fmeithe calculations. The outcomes of the calcoletiare
presented in tables 15 and 16 (see appendix D doe nretails).

Table 14: Yearly electricity and heat demand per hosehold segment and assumed proportion of total heaholds
under VPP control (yellow marked segments are creat with profile methodology)

H (kwh)
Low Interm. High
1339 1770 1586
Low 4615 12592 17447
20% 10% 5%
E 2148 3262 2278
(kWh) Interm. 6146 12794 15010
10% 15% 10%
5223 4638 4855
High 5586 18020 22556
5% 10% 15%

Table 15: Possible APX revenues Stirling VPP 100,0Qnits (in million €)

2010 2011 2012 2013 2014 2015 2016 2017 2018 20020 22021 2022 2023 2024

70 72 83 89 86 104 109 103 11.7 118 11.281 129 125 14.2

Table 16: Possible APX revenues SOFC VPP 100,000itsrn(in million €)

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

18.1 17.8 20.4 22.0 21.3 22.9 24.0 23.2 25.1 26.2

4.2.2 NPV, IRR and discounted payback period
To calculate the NPV, IRR and discounted paybaclogdgat 8% discount rate) all cost and revenueslishbe
estimated as well as the total investments costhl: e cash flows that can be directly linkedhe system were
taken into account. The following cash flows wesedito calculate the economic indicators:
- Incoming cash flows: revenues from electricity &rahd electricity and heat sales
- Outgoing cash flows: fuel costs, maintenance coatg] APX trading costs, gas and electricity
distribution costs, energy t&xand VAT*

Because the VPP operator is a company, a corptratef 25.5% has to be paid over the posffiearnings
before interest and tax (EBIT) (see appendix Cfdiother details). The outputs of the model from grevious
paragraph was used to calculate most revenuesaatsl lzased on the same household energy demarniégrof
See appendix C for all assumptions on inputs asti aws. In table 17 the values of the economabity
indicators based on the expected values are pezkent

Table 17: NPV, IRR and discounted payback period bsed on expected values

Stirling VPP SOFC VPP
NPV (mil €) -76 -227
IRR 5.3% -0.92%
Discounted payback period (years) >15 >10

3 Only energy tax on electricity supplied to the $@hold and gas used as an input foi@elP is calculated. Electricity
sold on the APX is not considered a supply in therlon environmental taxes. See paragraph 5.2 &qfuanation.
**Vvalue added tax: a tax levied on sold products.

> If the focus is only on the specific investmend aot on the company as a whole, no corporatedaxdbe paid for a
negative EBIT.
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Based on these figures a commercial party woul@migwest in such a system without some form ofegoment
support. The figures however only give a pointreate and do not take into account the uncertaihtii@input
variables. Therefore Monte Carlo simulations wezefggmed with Crystal Ball (an Excel add-in) to elanine
the likelihood of a positive NPV, an IRR higher w3 and a discounted payback period of less tmalifetime
of the system. A Monte Carlo simulation selectsian numbers of input variables (within a specifiadge with
a specified probability distribution) to calculdbe NPV, IRR and discounted payback period. Fomalilel input
variables an expected value (base case), a minivalure and a maximum value were assumed based &ysiana
of historical data as far as available and otheriigve been estimated (see appendix F for all gum and
historical data analysis). Based on these valuéargular probability distribution was assumed &tirvariables
and 100,000 runs with the model were performedatoutate the certainty levels of the output indicat Below,
the results are presented and discussed.

Figure 18: Monte Carlo simulation NPV outputs SOFCVPP

100,000 Trials Split View 99,883 Dizplayed
NPV Statistic | Forecast values
Trials 100,000
3800 Ipean -133
- 3,200 Median -130
0.03 Mode =
e Standard Deviation 89
2 - 2400 T |Wariance 4750
S o 2000 & |Skewness 01247
§ § Kurtosis 260
= r WELD Coff. of Variability 05196
- 1,200 Minimum -367
0.01 .
800 Maximum 72
Mean Std. Error 0
- 400
0.00 4 o
-330 -300 270 -240 -210 -180 -150 120 80 80 30 O 30 80
b Certminty: [2034 % q [efmy
Figure 17: Monte Carlo simulation NPV outputs Stirling VPP
100,000 Trials Split View 99 932 Displayed
NPV Statistic | Forecast values
AFTT Trials 100,000
' Mean -303
0.04 4,000 Median -258
- 3,500 — .
Standard Deviation 97
2003 3000 M |variance 9393
= 2500 & |Skewness -0.1660
g E Kurtosis 252
& %7 " 2000 2 |Cosfi. of Variability -03197
- 1,600 Minimum -638
001 - 1000 Maximum -13
Mean Std. Error 0
- 50D
0.00 4 o
-500 -400 -300 -200 -100
b o Certainty: [0.000 % q [nfiniy

Similar probability distributions were made for iR and the discounted payback period. The repuitsented

in table 18.
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Table 18: Certainty levels and mean values of IRRral discounted payback period

Stirling VPP SOFC VPP
Certainty level IRR > 8% 2.1% 0.0%
Mean value (stand. dev.) 3.8% (1.8) -3.2% (2.3)
Certainty level 2.0% 0%
discounted payback
period < lifetime
Mean value (stand. dev.) >15 yr >10 yr

From table 18 and figures 17 and 18 it can be tieaidit is for 2% or 0% certain that the NPV is itigs, the IRR

is higher than 8% and that the discounted paybadhkgis lower than the lifetime of the systemsdn therefore
be concluded that both a Stirling VPP and SOFC RPnot economically viable under current instanél

conditions and economic assumptions.

4.2.3 Sensitivity analysis to determine critical paranste

From the previous paragraph it was concluded tb#t the Stirling and the SOFC VPP are not econdiyica
viable. It is therefore important to understandahhparameters are most critical for the econonability, so the
best opportunities to improve the economic viapilif the VPP system can be identified. A singletdac
sensitivity analysis was therefore performed. Basedealistic minimum and maximum values (sameaas f
Monte Carlo simulations) a tornado diagram was waoted in which the influence of a single variable the
NPV compared to the base case assumptions is sfs@@rappendix F). The IRR and discounted paybatke
are determined completely by the cash flows, thestment costs, and discount rate (the parametenshizh the
NPV is determined), so the outcomes of the NPV ieitg analysis are also valid for these indicatoin figures
19 and 20 the results are presented.

NPV € millions -300 -250 -200 -150 76 0 50 100

Capital costs Stirling £5000 £1500
Lifetime Stirling
Wholesale gas price

Capital costs heat storage

Consumer heat price
Maintenance costs Stirling
Consumer electricity price -15% 15%

Capital costs local control system €30

unitfyr

Energy tax gas +E

Electricity distribution price
Gas distribution price
Energy tax electricity

+ 4

Figure 19: Tornado diagram Stirling VPP
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NPV € millions -500 -500 -100 -300 227 -100 0

Capital costs SOFC €£8000 B000
Lifetime SOFC
Whaolesale gas price
Lifetime Fuel cell stack
Consumer heat price

Capital costs fuel cell stack

Caonsumer electricity price +15%
Capital costs heat storage £500
Maintenance costs 50FC 100 €/unitfyr 50 €/unitfyr
Capital costs local control system £300 100
Energy tax gas +2% 0 12%
Gas distribution price +6% N 110%
Energy tax electricity +2% [ 3%
Electricity distribution price +3% | 4%

Figure 20: Tornado diagram SOFC VPP

The diagrams can be read as follows. If the capdats of the Stirling engines would be €5000,NiR8/ would
be, ceteris paribus, €-247 million instead of €A7iéion in the base case where the capital coss®imed to be
€3000.

The most critical parameters for both VPP typestlaeecapital costs of theCHP, the lifetime of th@CHP, the
wholesale gas price and the consumer heat price c@pital costs of theCHP constitute the largest part of the
total capital costs and have the highest unceytaimthat why it has by far the biggest influencetlte NPV and
the other indicators. If the lifetime of the systamreases, there are more years to recover thglkagpsts. Since
most cash flows are positive this explains whyai$ Isuch a large influence. The wholesale gas pasesuch a
large influence because of the high uncertainty laechuse it is the biggest cost. The consumer grea has
such a large influence, despite the relatively smmatertainty bandwidth, because the heat salesharbiggest
revenue.

For the Stirling VPP also the capital costs of leat storage system has a large influence sitwasit relative
high contribution to the total capital costs. Tlietime of the fuel cell stack can have a largéuefice when it is
shorter than 5 years because then more than omicg dioe lifetime of the system a maintenance espef €100
million is added to the cash flow calculations. Therease of the stack lifetime has a lot lesaugrice because
the number of times the stack has to be repla@as she same with a stack lifetime between 5 angetbs. If
the lifetime of the stack would be 10 years like thst of the system this would greatly improveNiRy/.

4.2.4 NPV break even values of most critical parameters

Based on the most critical parameters identifiedvabthe break even values of these parameters lhese
calculated assuming all the other variables cohstarsee under which conditions a NPV equal t@ zem be
expected. This gives an indication of how much thest critical parameters must change compared o th
expected values for the sum of the cash flows tedpgal to the investment costs. The IRR and digeoun
payback period are calculated based on the sama ugpiables and will therefore have similar brealen
values. The break even values and/or percentageesented in tables 19 and 20.

Table 19: Change of value of single parameters need to break-even with the investment cost for a Sting VPP

NPV break even value NPV break even

percentage
Capital costs Stirling €2171 -27.6
Lifetime Stirling 20 yrs +33%
Wholesale gas price - -26.5% (in all years)
Capital costs heat storage €170 -83%
Consumer heat price - +10.2% (in all years)
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Table 20: Change of value of single parameters need to break-even with the investment cost for a SGFVPP

NPV break even value

Percentage change

Capital costs SOFC
Lifetime SOFC
Wholesale gas price
Lifetime fuel cell stack

€2455
17 yr

-51%
+70%

- -75% (in all years)

Consumer heat price

- +36.5% (in all years)

From tables 19 and 20 it can be concluded thaifgignt changes are needed in the critical pararadte the
Stirling VPP to break even. For the SOFC even lacbanges are needed to break even. No break eless\for
the fuel cell stack lifetime could be calculatedtdngse the costs can only be deducted during i of the
system (10 yr). So if the lifetime of stack woule higher than ten years, it does not have anyteffethe NPV
any more. With a stack lifetime of ten years ohleigthe NPV is €-159 mil.

4.3 Other potential costs and benefits
In the above calculations not all costs and benefithe system were taken into account. A detajleshtitative
valuation of these costs and benefits falls outtfigescope of this research but should be furtheearched to
determine whether it would be socially benefic@limplement auCHP VPP. In the table below, a qualitative
description of these costs and benefits is giveth® most important actors.

Table 21: Other potential costs and benefits of ACHP VPP system

Society/government

VPP operator/energy
company

Network operators

Households

Reduction of CQ
emissions (see chapter 6,
Van der Laag and Ruijg,
2002)

Avoided expenditures on
CO, emission rights (see
chapter 5)

Reduction of network
(peak) load (ECN and
Gasunie, 2006; Peacock
and Newborough, 2007

Share in trade
profits

Reduction of primary
energy use (see chapter §
Van der Laag and Ruijg,

Income from lease and
maintenance contracts
,with households and
capture of clientsirg

Reduction of network
losses (IEA, 2002; Mott
MacDonald, 2004)

Reduction of energy
costs {(n scenario 1
(Van der Laag and
Ruijg, 2003)

Potential | 2002) scenario ) (Smaardijk et
other al., 2005)
benefits | Higher security of Avoided investments in
electricity supply (Abu- Avoided investments in | network capacity (Mott
Sharkh et al., 2006). peak power plants MacDonald, 2004;
Papaefthymiou et al.,
2008)
Higher gas sales
(extra) Tax expenditures tp Less income from Higher gas bill i
supportuCHP and VPP No or part-load operatior) electricity distribution scenario )
system of existing central power
plants durinquCHP
export
Less revenues from Possible network Expenditures for
Potential electricity salesif adjustments to purchasing or
other scenario 1) accommodataCHP leasing theitCHP
costs system

(in scenario )

Partial loss of
control overuCHP
output
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| | | Loss of space

4.4 Conclusions economic viabilitynCHP VPP
An economic viability analysis of theCHP VPP was performed on the basis of two scenarios

1. The uCHP is purchased/leased by the household and plaelitid the customer meter and the VPP
operator only invests in control systems and hieahge;

2. TheuCHP VPP is considered to be an alternative forraralised CHP with district heating system and
the VPP operator finances and places tfi¢lP system before the customer meter. This couldrbe
interesting option becausep®HP VPP can also be applied in existing housesraral area without
additional costs in contrast to a district heasggtem.

It can be concluded that scenario 1 is not an enaradly viable option for the VPP operator becafmseboth the
Stirling and SOFC VPP, the short run marginal c6SRBMC) and the levelized costs of electricity (LE)Care
higher than the wholesale electricity price for thmest part of the year. This means that the atjpgral and
capital costs can not be recovered with electritigle. The SRMC in this scenario is equal to thesamer
electricity price (including energy tax and VAT)daeise this is what the VPP operator will need tp fpa the
exported electricity that can be traded.

In scenario 2 the operational costs of both VRfedycan be covered by both the retail price and the
wholesale price, but because the LCOE are higlaar ioth prices most of the year, the capital costsnot be
recovered. So it can be concluded thatC#P VPP as electricity only power plant is not emuoically viable in
the long run.

As a basis for the analysis the commercial aotisitfor which conventional centralised power plaats
commonly used were taken as a starting point. Theser plants are operated either as base loaametiate
load, or peak load plants. A Stirling VPP is noitale for base and intermediate load operatiorabse this
would lead to a large heat dump for most househdltith a peak load operation the capital costdhefdystem
can not be recovered with electricity sales andetra

A SOFC can in principle be operated in any opegathode without dumping heat. However the LCOE
are higher than the retail and wholesale elegyrimiice most of the year and therefore the capitats can not be
recovered with electricity sales and trade.

The most common indicators used to determine tbeaeuic viability of a system by investors are tle¢ present
value (NPV), the internal rate of return (IRR) atfe discounted payback time. Since it was conclutied
scenario 1 is not an viable option, these indicateere only calculated for scenario 2. Based onettpected
values of all the input variables the NPV was negatthe IRR smaller than the discount rate (8%J #re
discounted payback period was higher than therifebf the system. So the systems are not econtlymdable
based on the expected values of the input variables
To include uncertainty of the input variables ire ticalculations, Monte Carlo simulations were

performed. The outcomes show that for the StirMiRP it can be said with 2% certainty that the NBVarger
than zero, the IRR is higher than 8%, and the distal payback period is less than 15 years. Fosanee
indicators the certainty level was 0% for a SOF@PVP

The factors that influence the economic viabilitgicators the most are:
» the capital costs the of tiCHP unit
» the lifetime of theuaCHP
» the wholesale gas price
» the consumer heat price

With a significant change of these parametersStiing VPP can break even. Because the NPV ofSG&C
VPP is very negative, these parameters need eggerbthanges for the system to break even.

Not all the potential costs and benefits were idelliin the calculations because of time limitatioifsese other
potential cost and benefits were identified basediterature and own research (see table 21) Iidcbe that the
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overall cost-benefit balance is positive for socind this should be further researched with aasacist-benefit
analysis.

In general it can thus be concluded thatGHP VPP as an electricity only plant is not an ecoically viable
option in the long run and that under current fntinal conditions and economic assumptions aadtment in a
uCHP VPP is not economically viable.

Next...

The system is technically feasible, but economjcalbt viable under current economic and institugion
conditions. Therefore, in the next chapter theaotf institutional environment on the economiabifity and
technically feasibility will be evaluated.
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5 The institutional environment and the impact on thefeasibility and
viability of a nCHP-VPP

The institutional environment can put constrainisttee VPP system but it can also enhance the ingi&tion
of the system. It is therefore important to undardtthe institutional context and how it influentles technical
feasibility and economic viability of theCHP VPP. The following research questions will bsveered in this
chapter:

What is the impact of the institutional environmentthe technical feasibility and economic viakitif thexCHP
VPP?

* What is the current institutional environment of #CHP/VPP?

» What changes are expected in this environment?

* How does this environment impact the technicalifiééyg of a uCHP VPP?

» How does this environment impact the economic hglif auCHP VPP?

First, a framework as a basis for the institutioanhlysis will be described in 5.1. The currentiingonal
environment and expected changes in that enviroharendiscussed in 5.2. Then, the impact on thsilfiity
and viability of theuCHP VPP is analyzed in 5.3 and 5.4. Last, conchssabout the impact of the institutional
environment on theCHP VPP will be drawn in 5.5. In appendix G, a moetailed discussion of the institutional
environment can be found.

5.1 Introduction and framework as basis for analysis

Institutions are needed to coordinate behaviorhef parties involved in a complex system like thePVP
Institutions are defined by Koppenjan and Groen@ng@005, p. 245) a8Durable sets of agreements between
parties that are part of a complex (technologicalstem, which have the form of formal and inforraéds and
organizational arrangements."The framework that will be used as a basis far ithstitutional analysis is
presented in figure 21. Institutions can be categdrin four layers (Koppenjan and Groenewegen5200 the
basis of which the current and expected institati@mvironment will be described and evaluatedeiation to
uCHP/VPP. This evaluation will then be combined wiitle analyses from chapters 3 and 4 to determiee th
impact on the technical feasibility and economihility. Only layers 2 - 4 will be used for thisaysis, because
the actors themselves do not have a direct impacte feasibility and viability but only indirectlyia the
institutions in the layers above they can creataftwuence. In chapter 6 the informal institution#l also be used
to derive criteria for comparing theCHP VPP with existing systems.

5.2 Institutional environment of the pnCHP/VPP

On the basis of the four layers, the current instihal environment and expected changes in thisr@mment
will be discussed and evaluated and will be used basis for the analysis of the impact on theilbdig and
viability of the uCHP VPP.

5.2.1 Layer 1: Actors

Based on the definition and description of f(ligHP VPP system in chapter 2, the main involvedigmaitan be
identified. This will be used to describe the ingtonal arrangements in layer 2 and the informatiiutions in
layer 4. The main actors are: (1) households tlilahest uCHP units, (2) energy companies that will operhte t
VPP and will lease, rent or selCHP to households, and (3) DSOs that will possitdgd to take measures to
accommodat@CHP into their grids and need to place meters ¢hatregister import and export of electricity.
Also the government will be involved in case regjolas need to be changed and/or other supporeidate
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Laver 4 Informal institutional emvironment

of socio-technological systems
norms, values, orientations, codes
{informal institutions, culture)

!

Laver 3: Formal instifutional enviromment
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Criteria for comparing technologies
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Technical feasibility
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Economical viability
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Laver 1 Actors and games in

secio-technolowical sysiems
Actors/agents and their interactions aimed
at ereating and inflluencing (infrastructural)y
Provisions, Sservices, oulcomes

Figure 21: Framework based on the four layer modeby Koppenjan and Groenewegen (2005)

5.2.2 Layer 2: Institutional arrangements between theest
The above discussed actors have arrangementsadithother, which will be shortly described below.

Households have bilateral contractual arrangemeiits electricity and gas retailers (not necessdiityn the
same energy company) for the supply of electriaitg gas. They are free to choose their retailetscan switch
from retailer within 30 days as is arranged inctetB5m (7) of the Dutch Electricity law 1998 (Stddad, 1998).

Households are not free to choose their DSO, lmubaund to the DSO that manages the network iartbe they
live. Because the DSOs have a monopoly positiantdhiffs they charge for their services are retgpaay the
Energy chamber of Dutch competition authority NMaaaranged in paragraphs 5 and 6 of the Electriaity

The households have to pay the DSO for connectiansport and system services as is arranged i ahé

Code electricity (Energiekamer (2008b)).

Since theuCHP is considered to be an alternative for theebpit is expected that the finance and maintenance
arrangements shall be the same as with tradititwdlers. Currently the three main finance and servi
arrangements that are used for boilers in the Meihds are (Smaardijk et al., 2005):
1. Purchase from and installation by a boiler suppdied possibly also a maintenance contract with the
same supplier
2. Purchase from a supplier and the installation aathtenance is performed by the household itselfyor
an installation company.
3. Lease and maintenance contract with an energy aoympa

Given the high initial investment costs g€HP units, it is very likely that most householdswid prefer the last
option.

5.2.3 Layer 3: Formal institutions

Next to specific arrangements between the actageehlevel formal institutions exist that applyatb actors. For
VPP no regulation yet exists. In the Grid Code (PA@)7) some provisions are made for generatomsemiad to
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the low voltage grid and there is a proposal tongeathe Grid Code by the Dutch DSOs (Enbin, 2088).
amendment of the Electricity law (Ministry of EZ998) has been proposed to inclydeHP in the feedback
tariff scheme (First Chamber, 2008). Furthermorsubsidy scheme fopnCHP is currently available and a
proposal for a heat law has been approved by tis¢ Ehamber of the Dutch parliament. Regulation tha have
an impact ouCHP and VPP are the Law on environmental taxedla@Q emission trading scheme. All these
regulations and possible changes will be discuasddevaluated

Regulation related to technical aspects of micro-ENPP

Small consumers have to notify the DSO before fegetiack electricity to the grid (art. 2.1.5.1, G@dde). If an
installation feeds electricity back to grid it tascomply with the requirements in paragraph 2.thefGrid Code.
These requirements mainly relate to protectionpmaection, behavior, grounding and power factosmwll
generators. ForCHP units connected to the grid with power elegt®nly a limited amount of provisions are
See appendix G for detailed overview of the requésts.

A proposal has been made by Enbin (associatiorut¢tbDSOs) to align the Grid Code with the Europeamm
CENELEC EN 50438Requirements for the connection of micro-generatior parallel with public low-voltage
distribution networksthat lists requirements for micro-CHP connectindow voltage networks. This proposal
simplifies the regulation and connectionu@HP on Dutch LV grids. The most important proposkdnges are
that the DSO does not need to be notified befor@ham feeding back electricity by small consumehg t
protection requirements of power electronics cotevsrwill be equal to those of synchronous genesatnd the
thresholds and disconnection times of the unit$ bél changed. See appendix G for details on alpgsed
changes. This proposal has not yet been implemi@ntdecided on by the Dutch energy regulator.

Regulation related to economic aspects of micro-CMPP
There are a number of regulations or proposed atignk that could impact the economic viabilitytioé u\CHP
VPP. These will be discussed below.

Subsidy

As of September 2008 a subsidy scheme for susteimaat in existing housing for the period 200812 has
been implemented (SenterNovem, 2008). The systemsviiich a subsidy can be received by private home
owners or housing associations are heat pumps, Balar anduCHP units. A subsidy of €4000 will be available
for 10.000uCHP units. The subsidy will be revised on a yeddgis depending on market developments. The
first u\CHP units (Stirling) are expected to enter the Dut@arket in 2010 (Remeha, 2008) and the first pddgi

to apply for a subsidy in 2010 will be on Septemier

Feedbackariff

The feedback tariff for sustainably produced eleityr (up to 3000 kWh) by small consumers is arehgn
article 31c of the Electricity Law 1998. A proposalamend the Electricity Law has been made to ialdode
electricity that is produced with non-sustainab&neyation (likeuCHP) in the feedback tariff scheme and to
increase the feedback tariff threshold from 3000nhkiy 5000 kWh as amended by Samson and Hessel8)(200
(First Chamber, 2008). The First Chamber still tsaapprove this proposal before it will become dffee, but it

is expected that the amendment will be approvetémext voting rourfd.

When the amendment becomes effective this mearsusehold will only have to pay for the net imported
electricity (so in principle it will get the samariff (including taxes) for the exported electncds it pays to the
retailer up to 5000 kWh export). If more than 50Wh is fed back, a reasonable tariff will be paid évery
kWh above the 5000 kWh. The reasonable tariff fsndd as 70% of the retail tariff (excluding taxes)70% of
the average APX price of the past 12 months (NM¥)62 If the household exports more electricitynthia
imports, it will receive a reasonable tariff foregy kWh that is exported more than is imported tuedrest of the
fed back electricity is settled for the normal feack tariff (NMa, 2006).

4 Seehttp://www.eerstekamer.nl/nieuvisr the latest developments.
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Heat law

The First Chamber has approved the proposal feaalaw by Ten Hoopen and Samsom (First Chamb@g)20
This means the law will become effective as sooit ispublished in the public journal. The propddeat law
entails that heat suppliers should have licensettzaitdhe heat tariffs shall be regulated by théecBeompetition
authority NMa (Ten Hoopen and Samsom, 2008). Th#gahall be based on the total costs a consumaerd
incur if the heat would have been supplied with. gagrrently the heat price is calculated by a fdarset by
EnergieNed, the Dutch organisation of energy sepglibrokers and producers. It is likely that thgutator will
have stricter price calculations and that the paae will become lower.

Energy ta%’

In a nonuCHP situation an energy tax is levigdor the supply of gas and electricity through atrithution
network and the energy supplier has to pay thigltaw on environmental taxes, article 50 (1)) (&hkd 1994,
925). This tax is settled with the household viaélectricity and gas price.

When a household produces heat and electricity ayd@HP, in principle an energy tax has to be paidHergas
(to the supplier which is taxable party) that i®digor the electricity production. An exemption this tax is
possible on the basis of articles 64(1) and 64(8yv(on environmental taxes) that state that nogne&xx has to
be paid if the supplied gas is used in an eletgrimioduction installation with an electrical eféacy of at least
30%. In article 22(2) of the ‘Implementation decisienvironmental taxes’ an additional provisiondaninimum

electrical power output of the installation of 60/ks stated (Secretary of State of Finance, 19%a)auCHP

will never fall under this exemption since the powatput will be in the range of 1-5kW.

If a household consumes the electricity produced p@HP, this is considered to be a fictive supply adiog to
article 50(4) for which in principle an energy taas to be paid by the household (which then becdexadble)
unless the electricity is produced with a CHP ¢&tb0(5)d). An installation is considered to bEHP if the total
energetic efficiency is at least 60% based on the lower heating vadfigise gas (art. 47(1)g). Both the Stirling
and the SOFC fulfill this requirement, so no takese to be paid for the consumed electricity fros iCHP.

If a small consumer feeds back electricity, tages levied on the positive margin of the supplied
electricity minus the fed back electricity (art. &)). So if the electricity export is less thae gdectricity import,
no energy tax has to paid for the exported elestripust for the net electricity supplied to theusehold (energy
supplier is taxable). When the Electricity Law amoh@ment (First Chamber, 2008) will become effectihe, tariff
paid for electricity exported to the grid till 50@@Vh (if the export is less than the import) witiclude energy
taxes and VAT. So no double taxation problem existess the export is larger than the import ¢inéf export is
higher than 5000 kWh (see also feedback tariff idigthaon).

However, since the exported electricity will usydle supplied by the household to an energy company
a party that is an electricity supplier itself atdis resells the electricity, no energy tax havdgaid by the
household according to art. 50(3). This exemptimplias only if the household gets a declaratiomftbe energy
company in which it is stated that it supplies Hweight electricity via a connection to users (a6(1) of the
Implementation regulation environmental taxes, (&@cy of State of Finance, 1994b)). So even ifakport is
larger than the import and the export is highent&800 kWh no energy tax has to be paid by the dtwld for
the exported electricity with a declaration frore #nergy company.

No energy tax has to be paid for electricity sala an electricity trade platform like APX, becaubés is not
considered to be a supply. However, an energy @axd be paid for gas or electricity bought visaae platform
by the buyer according to article 50(4)b becauseishconsidered fictive supply.

The specific implications of the energy tax fqt@HP VPP operator will be discussed in paragraph 5.

" Much of the detailed interpretations of the LawEvironmental taxes is based on personal commiimicaith Ecolegis
(2009).

“8 For electricity supply up to 10.000 kWh the enetayis 0.1085/kWh and for natural gas supply withigher heating
value of 35.167 MJ/fhup to 5000 mM0.1580/mi(Law on Environmental taxes, article 59 (1a, c)}aA reduction of €318,62
for the supplied electricity is given per 12 monples connection. All taxes are levied on the sgsplihich is passed on to
the consumer.

9 The sum of the electrical efficiency and two tkiaf the thermal efficiency.
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CO, Emission trading scheme (ETS)
As a part to attain the Kyoto protocol goals, théiBtroduced the European G@mission trading scheme (ETS)
based on Directive 2003/87/EC (European ParliaraedtCouncil, 2003). It is a cap and trade schenwehich
all Member States set a cap to the total allowabtéssions for the installations mentioned in Anhésom the
Directive. For the energy sector all combustiortatations with a rated heat output higher thanhNA/ fall
under this scheme and they need to have a permihiioCQ. This means all large power plants and CHP plants
fall under the ETS andCHP units do not. Currently 90% of the emissioowadinces are given free of charge to
the operators of the installations (grandfatheprigciple) (art. 10 of the Directive).

However a proposal has been made to amend thetibgen which the emission allowances for the
power sector will be fully auctioned (European Cdssion, 2008b). The proposal has not yet been addpy
the Council and the Parliament, but the Council indgcated that they welcome the direction of tmeppsed
changes, in particular the auctioning of emissidlowances (Europa press releases, 2008). The Dutch
government has advocated for these changes araddreefully supports them (Ministry of VROM, 2007).

See appendix G for a more detailed descriptionhef $cheme and proposal. In paragraph 5.4 the
implications for auCHP VPP will be discussed.

5.2.4 Layer 4: Informal institutions

The above described institutions and arrangemeatsraated by the actors from layer 1. These actsestheir
values and norms as a basis for making theseutstis and arrangements and it is thus relevahawe insight
in them.

Values, goals and norms of the Dutch government
The Dutch government is very focussed on sustdityabihd energy savings and strongly believes duoing the
effects on climate change and sees efficient enesgyas one of the means to do that. This is tefleby the
ambitious goals they have formulated in the podoguments “Clean and Efficient (“Schoon en Zuinig\pw
energy for the environment” (Ministry of VROM, 200@nd “Innovation Agenda Energy” (Ministry of EZ,
2008). The main goals that are relevantfoHP/VPP are:
* A reduction of greenhouse gasses (mostly,)d® 30% compared to the emissions in 1990 (prbfera
also on a European level);
* A doubling of the current energy savings to 2%\yar;
« 10% of the cold and heat demand in the built emvitent’ should be fulfilled with sustainable and
innovative technologies like PMCHP, and solar boilers.

The minister of economic affairs has indicated thhé sees thgCHP as a potential replacement of the
condensing boiler and not as a mini-power planin{der of Economic affairs, 2007). The governmeantently
has no opinion about VPP, but from the ministepinimn aboutuCHP it could be inferred that a VPP is not
considered to be option for which support will heeg at the moment. For the energy sector the govent sees
(central) CHP as an important means for more effity energy use and they are investigating theipiisies

for micro-CHP in the built environment.

Values of households

Awareness on energy saving is increasing in thééksinds as well as the concerns about climategehand the
number of people that take measures to contrimuteducing climate change (Duurzaam-onderneme200i8).

A recent survey among 800 participants by TNS-NH® indicated that the 75% of the Dutch are willmgave
more energy than they already do and that 72%lerady take some measures and 21% take a lot cfuresato
save energy (Duurzameenergiethuis.nl, 2008). A ngereeral trend of increasing environmental awaignels
actual measures taken to reduce environmental impad of the willingness to pay for measures tevent

climate change by European citizens can be seeB-IRO 2005, 2007a, 2008).

Around 80% of the Dutch households indicate that thelieve their energy bill is too high and tHisittis an
incentive to save energy (TNS NIPO, 2007b). ECNaesh confirms that financial considerations arertiain
reason for energy savings, followed by environmesdacerns (ECN, 2003).

* This sector consists of all buildings includingyr@sidential buildings like hospitals, sport coaxss, etc.
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From a survey among households the following regoénts/values for their home energy supply wereateld
to be important (Pehnt et al., 2006):

* Reliability

» Energy efficiency

* Low operating costs

* Low pollution

* Climate protection

» User-friendly

* Low maintenance

» Good room climate

* Low capital costs

* Low noise

* Needs little space

It assumed thaplCHP suppliers will make units that will fulfill tlse requirements; otherwise they can not
compete with existing systems.

Values of energy companies/VPP operator

Most Dutch energy companies encourage energy sadasgart of their corporate social responsibléecigs! or
as a company strategy (see sites of Nuon, EsseatolzDelta, etc.). Some of these companiequ€&¢° as a
means to increase energy savings. Furthermorendgye companies anticipate the market introductibthe
uCHP as in 2007 the largest Dutch energy comparaegs kigned the “Covenant Gas transition” in whiodyt
indicated to install 10.000CHP test units (EnergieNed, 2007a). A more genalale of commercial parties is to
make profits.

Values of distributed system operators

The main values of the DSOs are to distribute Bt and gas in a safe, reliable and environmignfeendly
way (see sites of Alliander, Enexis, Stedin, efthey also anticipate the market introduction af iiCHP by
testing the effects of these units on their netwdgdee for example Alliander, 2009). From the psapto change
the Grid Code (see Regulation related to techraspkcts of micro-CHP/VPP) to make connectiop©@HP to
the grid easier it could be concluded that the D&@s not unwilling to accommodateCHP units in their
networks.

5.3 Impact of institutional environment on technical feasibility
By combining the institutional evaluation from tpeevious paragraph with the analysis from chapteth&
impact of institutions on the technical feasibildfythepnCHP VPP will be analyzed (see figure 21).

Impact of institutional arrangements between thetars

Since households can change of supplier within &psdthe maximum capacity of the VPP can in priecip
change every month. However with VPP aggregatamsoé you can see which units are online and wgrkin
(and thus how big the capacity is) before engagireconomic activities so this is not expecteddalproblem.

Impact of formal institutions
uCHP units and their protection systems should ls&gded to comply with the requirements of paragraghof
the Grid Code and NEN 1010 to prevent damage touthits, unsafe situations or unwanted impacts @n th
networks. WhethenCHP units comply with these requirements shoultebged with (pre-) commercial units. No
information about such tests is currently publielyailable, however such tests were recently peddrriny
Alliander® (‘meadow tests’).

In casepCHP units will be disconnected from the grid in ead under/over voltage and frequency
deviations of the grid, a part of the VPP will bet @f operation. However this can be detected WBP

L A Dutch distribution network operator.
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aggregator software and it is likely that househalith yCHP will be dispersed over different parts of thielg
thus it is not likely this will be a big problem.

While for uCHP units with small synchronous generators requergs for their behaviour and output to
the network are arranged in 2.4.4 of the Grid Cadfapst no such requirements faEHP units connected to the
grid with electronic power converters are includébis means that also converter systems could beembed to
the grid that produce harmonics.

According to Bozelie (2009) a number of provisiamghe current Grid Code need improvement or axdean.
The unit protection requirements as laid down ificker 2.4.2.3 (protection requirements for smallwpo
electronics) of the Grid Code can not guarantee giaper functioning of the low voltage network. The
disconnection times and the thresholds are to toWet selective compared to the medium voltage r&twide
DSOs have proposed to change these disconnecties and thresholds. Also no provisions have beeaterfa
voltage rises due to electricity productionfyHP units.

The provisions for planning and production in thed@Code do not apply for the totalCHP unit
capacity in a VPP. This leads to unfair competitidgth central power plants becausea@HP VPP would have
the benefits of central power plants but not thmesaobligations with respect to reactive power, agidt
regulation, etc.

Impact of informal institutions

To match the expectations and values of the holdebpCHP system should be reliable, reduce the enetljy bi
save energy, have low costs (operational + capite)user-friendly, be compact, have low noise Ifeand
should provide the same comfort level as a trawfidooiler. Fulfilling these requirements is a mnedition
before a household would agree to install suchesystnd thus is precondition for the implementatba nCHP
VPP.

5.4 Impact of institutional environment on economic vidility

From the previous chapter it was concluded thaCHP VPP is not economically viable for a commerpiatty
without government intervention. Therefore, the aeipof the institutional environment on the vialilghall be
analyzed below.

Impact of institutional arrangements between thetars
For theuCHP VPP the arrangements between the VPP operatogie company and households are the most
important. Based on the arrangements discusse@.i2 &d the scenarios from chapter 4, an analassmade.

Scenario 1
In scenario 1 the sale or lease and/or maintenamateact with the household and the feedback méreimpact
the economic viability of the VPP operator.

If maintenance costs are higher than anticipatedl @manged in the maintenance contract with the
household, it would negatively impact the econowability. For the Stirling VPP, the maintenancestsoare a
relatively small contributor to the total costseoWPP operator. For the SOFC VPP however, thedeiélstack
lifetime has a very large influence on the totastsoof the system. So for the SOFC VPP, the maintzm
arrangements can have a large impact on the \abili

The feedback tariff determines the SRMC of the \@pErator in this scenario and therefore has a large
impact on the profitability of the VPP. It was showm 4.1.2 that the under the expected regulategynte, the
SRMC are much higher than the wholesale electrjriiges.

Scenatrio 2:
In this scenario the only arrangements betweendimld and VPP operator are electricity and heaplgup
contracts.

In principle the electricity retail price should bet so that it covers the long run levelized co$tslectricity.
However because the VPP operator operates in aetiiv@ market this would lead to loss of markeargh
because the LCOE of the VPP are much higher thandimal retail prices (see tables 10 and 11).

The heat price is now calculated by a formulabgeEnergieNed and is based on the principle théscos
for the household can not be higher than it wowddnen the heat would have been produced with aladais
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(“not-more-than-normally” principle). The heat @i¢s not set higher than that, and thus limitsghafitability
for the VPP operator.

Impact of formal institutions
The possible impact of all the described formatitngons in 5.2.2 will be analyzed.

Subsidy

A purchasing subsidy would have no effect on thé\@Perator economics in scenario 1 because thesholds
purchases or leases th€HP. For scenario 2, the subsidy would lower thaitahcosts for the VPP operator.
Since from the sensitivity analysis it was concllitieat the capital costs of th€HP have the largest impact on
the economic viability, it can be stated that achasing subsidy improves the economic viabilityhgigantly.

Feedbackariff

The feedback tariff only has a consequence foMRE operator in scenario 1. A higher feedbackftarduld
increase the SRMC for the VPP operator and viceavddigher SRMC would lead to less operation hofithe
VPP and thus for less revenues.

Heat law

The new heat law that has been approved by botmimtis of the Dutch parliament will make the heategor
regulated. It is likely that the regulator will leaxa more strict interpretation of the not-more-thammally

principle and that therefore the heat price wilkdrae lower than it was. From the sensitivity analytsbecame
clear that the consumer heat price is a criticetioiafor the economic viability so a lower heatcpriwill have a
significant impact on the viability.

Energy ta®
For scenario 1, two different situations can beetised. In the first situation, where the houseledorts less
than 5000 kWh and less than it imports, the VPRaipe has to pay the retail tariff including enetgy for the
exported electricifi?. In the second situation, where the household rspoore than 5000 kWh or more than it
imports, the VPP operator has to pay a reasonatifewithout energy tax for the electricity expedtin access of
5000 kwh or the import. For the rest of the expbrectricity, the normal feedback tariff includiegergy tax
applies.

With a Stirling engine it is likely that more th&300 kWh will be exported., but with the SOFCsiwell
possible and that thus no energy tax has to befpaalpart of the export.

In scenario 2, the VPP operator has to pay enexgydr the gas that is used hgHP VPP and also for the
electricity that is supplied to the households tg fCHP VPP (see figure 22). The energy tax of thetetsy
will be passed on to the customer via the retaitteicity price. A large CHP (with an electricafiefency > 30%)
however gets a tax exemption on the gas it uspsotiuce electricity and heat (see figure 22).

TTF gas price APX electricity APX electricity
Wholesale * energy tax price APX spot Wholesale Large CHP + price APX spot
WCHP VPP | -arg T
gas market market gas market district heating market
) Electricity retail Electricity retai
Heat price price + energy Heat price price + energy

tax tax

A 4 A 4 A 4 A 4

Household Household

Figure 22: Energy taxpuCHP VPP vs. energy tax large CHP and district heatig system

*2t is assumed in for this analysis that the VPErafor is also the gas and electricity supplighefhousehold.

>3 The VPP operator does not actually has to pay bhisthe household does not have to pay for tpered electricity. It
only has to pay for net import. Because it is assilithat the VPP operator is also the electricipp$iar, this means that
indirectly the VPP operator has to pay the retifftincluding the energy tax and VAT.
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If the threshold of a minimum power output of 60 kb\Vget a gas tax exemption would not exist, thE SO'PP
would have the same gas tax exemption as largerpplasts. Monte Carlo simulations were run to shbe
impact on the economic viability. In table 22 th@éammes of the simulations are presented (100,008)rIt is
shown that the mean value of the NPV of the SOFGldvbecome significantly less negative and thatatld
become more certain that the NPV is positive. Thidainty level and mean value of the NPV howendicate
that the SOFC would still not be economically velflonly the tax exemption would apply.

If the tax exemption would be combined with a €2p0€chasing subsidy, the certainty level of a pasit
NPV would go to 59% and the mean value of the NRMld/ be €16 million.

Table 22: NPV SOFC base case vs. no energy tax gas

Base case No energy tax gas
Certainty level NPV > 0 0% 5.9%
Mean value (stand. dev.) -303 (97) -147 (97)

in million €

A Stirling VPP would still not fall under this exgnion because it has an electrical efficiency senatian 30%.
In Germany however a gas tax exemption is giveraliqtCHP units. Monte Carlo simulations were run to show
the impact on the economic viability of a StirlilW&P if such a gas tax exemption would be implenteated the
results are presented in table 23. From table 28ritbe read that the impact is enormous. Theictrtéat the
NPV will be larger than zero is significantly inesed and the mean value of the NPV will becometigesi
Thus, the Stirling VPP has a much bigger chandeeofg economically viable.

If combined with a subsidy of €1000, the certaildyel would become 97% and the mean value €109
million.

Table 23: NPV Stirling base case vs. no energy tgas

Base case No energy tax gas
Certainty level NPV > 0 2% 74.6%
Mean value (stand. dev.) -133 (68) 47 (68)

in million €

CO, Emission trading scheme (ETS)

wCHP units do not fall under the ETS while convemdiiopower plants do. It is expected that the emmssghts
for the power sector will be fully auctioned asnfr@013. This would mean that investing in@HP VPP would
lead to costs savings compared to conventional pplaets.

With the model from 4.2.1, it was calculated that pear 0.07 Mtonne GQper can be saved with a
100,000 unit Stirling VPP and 0.12 Mtonne with aFROVPP of equal size. If the G&mission allowance price
would go up to €50/tonne GGhis would lead thus to a cost saving of €3.3iamillfor a 100,000 units Stirling
VPP and to a saving of €6.1 million for SOFC VPRI same size per year compared to a conventimvetr
plant.

Impact of informal institutions

Given the ambitious goals of the government on gnesavings, C@ emission reductions and the use of
innovative technologies to provide heat in building is likely that they are willing to change serof the
institutions to stimulatexCHP (providing subsidy, removing the 60 kW minimdinneshold from energy tax
exemption). However since the minister indicatee sées the first generatip@€HP units (Stirling) not as mini
power plants it not very likely that the also th&9a efficiency threshold would be lowered, so thmeg Stirling
VPP would also fall under the energy tax exemption.
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5.5 Conclusions on the impact of the institutional envbnment on the technical feasibility and economic
viability

The institutional environment of theCHP VPP was described and evaluated based on uhéafger model by

Koppenjan and Groenewegen (2005). The impactseoistitutional environment on the technical fesisjoand

economic viability were analysed by combining thstitutional evaluation with the analyses from dka3 and

4.

Impacts institutional environment on the technicééasibility of theuCHP VPP
To prevent damage {oCHP units and unwanted grid impacts, f@&HP units should comply with requirements
for the generators connected to the low voltage) (gid as laid down in the Grid Code. In the grimde no
provisions for the outputs of power electronic ifdeed uCHP units are specified which means that also
converters could be connected that produce harmonic

The protection thresholds and disconnection tinoepbwer electronic devices as currently in thedGri
Code (at. 2.4.2.3) are too low to be selective @maot guarantee the proper functioning of the l8#work. No
provisions have been made for voltage rises detetdricity production byCHP units.

The provisions for planning and production shoudd dpplied for the size equal to the top@HP
capacity of the VPP to prevent unfair competitiowards central power plants.

Impacts institutional environment on the economiability the uCHP VPP

The arrangements between the VPP operator andotieehold can have impact on the economic viability.
scenario 1, the actual maintenance costs of a Sk be much higher than anticipated in the magntee
contract if the life time of the fuel cell stackdborter than estimated. This has a large impathewiability. In

scenario 2 the viability of the VPP is limited bg@ricity prices set by the market and heat pribas will be set
by the regulator.

The formal institutions can have a very large inigatthe economic viability. The regulations wittetlargest
impact are:
» Purchasing subsidies f@iCHP: capital costs are the most critical factor thoeg economic viability in
scenario 2 and a subsidy would reduce the capitdsc
* Heat law: heat prices are also a big factor for égbenomic viability, so stricter price regulatioanc
severely impact the viability
* Energy tax: with Monte Carlo simulations it was whothat if the energy tax exemption would include
units smaller than 60 kW, the economic viability the SOFC VPP would improve significantly
(although no positive NPV). If the tax exemptionulbalso be given fonCHP units with an electrical
efficiency lower than 30%, the Stirling VPP coulecbme economically viable.
» Emission trading schem@CHP units do not fall under this regime and thugé emission rights for the
power sector will be fully auctioned in 2013u&HP VPP can save a significant amount of costs per
year compared to a conventional power plant.

From the values and norms of the government itbeanoncluded that it is likely that they are wifjito change
some formal institutions to stimulateCHP. It is however not likely that the 30% efficognthreshold for the
energy tax exemption will be lowered.

Next...

In was concluded that institutional change is ndddeaccommodate @CHP VPP in the existing power system
without problems and to improve the economic vigbibf the system. Whether it would be justifieddoange
institutions or give financial support tol&HP VPP will be researched in the next chapter dyparing the
uCHP VPP with existing systems for the supply ofthedouseholds.
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6 Comparison of apnCHP VPP with existing technologies for the supply

of heat to households
From the previous chapters it was concluded tlsdititional change and government support is neseuleske
the system economically viable and to accommodee/PP system in the existing system without problelt
was also concluded that an electricity onGHP VPP is not an attractive option.

To determine whether it is justified to changeitnsbns or give support, theCHP VPP is compared
with existing technologies for the supply of heaDutch households. Institutional changes shoulg be made
and support should only be given, if th€HP VPP system is better than existing technologawxe the
government should only support systems that areflmal for society as a whole. The following resda
guestions will be answered in this chapter:

Is it beneficial to implement and operate@HP VPP?
» How does theCHP VPP compare to existing technologies for supplyeat to households?
0 What criteria can be derived from the values/noohthe actors identified in 5.2?
o What are currently the most used existing techriek®y
o What are the scores on the criteria of the idemdifiechnologies and thecHP VPPs?

First the existing technologies will be identifiadd shortly described in paragraph 6.1. Then a eumwihrelevant
criteria to compare these technologies are deffinggt the values of the actors as described in papdg5.2.4. In
6.3 the scores on the criteria per system are piegerinally conclusions are drawn in 6.4.

6.1 Existing technologies for the supply of heat to haeholds in the Netherlands

There are basically five options to (partially) plyphouseholds with heat: (1) heating boiler, (Btritt heating,
(3) heat pumps, (4) solar-boilers and (5) micro-Ci8ihce the boiler and district heating are bytfed most
commonly used heating systems in the Netherlandsr{iicNed, 2008), theCHP VPP will be compared with
these options.

In 2007 96% of the households in the Netherland® wennected to the gas grid and 4% to a distdatihg grid
(EnergieNed, 2008). A district heating system anBkes economic sense in densely populated areds ard
buildings. Boilers andiCHP units have a much larger application area amdic principle be placed in any
building. Since new buildings usually have bettesuiation than existing buildings, a Stirling ergiwwvould be
more useful - in terms of operating hours and enes@yings - in existing buildings and a SOFC in eew
buildings.

6.2 Criteria derived from actor’s values for comparing the pCHP VPP with other technologies

To compare theCHP VPP with other technologies relevant criteria @eeded. These criteria are derived from
the values of the main actors in paragraph 5.2uber of common themes among the actors were fiehéind

on the basis of those, more specific criteria vekenaved.

Common themes that can be derived from the actatiges:
* Energy savings
0 The government wants to save energy for environaheatisons and to become less dependent
on foreign fossil fuel supply;
0 Households want to save energy to reduce the efdtgnd also for environmental reasons;
o Energy companies want to save energy as part ofgbeial responsibility goals;
o DSOs don't explicitly state anything about energyisgs, but some of them state that they want
distribute gas and electricity in an environmentéilendly manner;
e CO, emission reduction
0 The government wants reduce LC@r environmental reasons and because of European
obligations;
o0 Energy companies want to reduce f$nissions because of the emission trading scheme a
social responsibility goals;
o0 Households want a reduction of environmental impact
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e Sustainability
o Almost all actors have sustainability goals or semass;
» Capital and operational costs of the system
0 The government has limited resources and theref@nets to support the most cost effective
method for energy savings;
o Energy companies want to earn back their investsnant want the lowest capital costs for a
system to deliver a certain amount of energy toctistomer;
0 Households want a low energy bill, and thus a syst&h low operational costs.

From these themes more specific criteria were ddfin

* Energy savingsfossil fuel savings compared with heat from ademsing boiler and grid electricity (this
is the reference system);

* CO, emission reductianemission reduction for the production of heat aectricity compared to
reference system;

» Exergetic efficiencyone indicator that can be used as an indicatosstainability for energy conversion
systems is thexergetic efficiencyof a system. Exergy is defined as the maximum amofwork (like
electricity) that can be obtained from a systene €Rergy of a system can be seeneasrgy = energy
guantity x energy qualitfCanadianarchitect, 2009). High temperature heanore useful than low
temperature heat and therefore has a higher qudligctricity can be converted in almost any other
energy form and therefore has a very high qualitgystem is exergetically efficient when energysed
in a better way thus if the quality of the enenggut is matched with the quality of energy thategded.
In this way it is prevented that high quality eneig used for low quality tasks, which prevents teasf
energy.A system with higher exergetic efficiency can tfueecbe said to be more sustainable than a
system with low exergetic efficiencyrhe advantage of an exergetic comparison isgystems can be
compared independently from a reference system;

« Total costs/GJ of produced hettie total discounted costs of the systems dukfhgears’ divided by the
total heat production during 15 years. With thigecion the capital and operational costs of theteay
can be compared based on their main task: suppliggngouseholds with heat;

» Capital costGJ energy savingthe capital costs over 15 years per unit of enes@ving. With this
criterion the costs effectiveness of an option lsaetermined.

6.3 The scores of the options on the criteria

The scores on the criteria that were determineddaficied in the previous paragraph are presentedbie 24.
The worst scores are marked red and the best sepoeemarked green. A condensing boiler (90% thermal
efficiency) and grid electricity were used as refee system to determine the energy savings anssiemi
reductions. The energy savings and,@ission reductions are calculated by comparingetiergy needed by
the reference system to produce same amount ofanéatlectricity as with the other systems (seeapp G).
The Stirling VPP will mainly export electricity dag peak hours and will then push power plants afuthe
dispatch merit order that are no longer economiperate”. So the Stirling VPP should be compared with those
plants, which are older gas fired power plants aithelectrical efficiency of 50% (Van der Bor, 2D0& SOFC
VPP and larger CPHs are operated more as basefedete load unit§ between their minimum and maximum
values and will therefore be compared with the agergrid efficiency (43% incl. grid loss, see Sexwtyem,
2006) and the average emission factor for eletyritipplyof 416 g /kWh' (WISE, 2008).

¥ This is the assumed lifetime of the Stirling ergithe local controller and the heat storage. Beoats (including capital
costs) of the systems are levelized over 15 years.

% power demand is provided by power plants in oodéneir marginal costs. When electricity is exgdrto the grid
because there is a heat demand (squ@t¢P VPP must run), other plants will not operatemerate in part-load to maintain
the balance between electricity supply and demankd power system. So during this export powentplat the end of the
merit order (with high marginal costs) will be thiest not to be operated (pushed out of the medeo).

% The large CHP is operated as base/intermediatedizat because a cluster of households will alweye a base heat
demand. This in contrast to a Stirling engine wtiek to fulfil the individual heat demand of a hetusld and will therefore
be mainly operated during peak hours because the capricious heat demand profile.

" In most literature the average emission factaeleétricity production is taken as reference ernis$actor. However not
all produced electricity is supplied to retail @rsers (see Groot and van de Vreede, 2007)
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The VPP energy use and £€emissions were calculated on the basis of the 3&R#® model outputs as with
which the economic viability indicators were calteld. See appendix H for the used assumptionsufasnand
exact figures.

Table 24: Comparison of systems to supply 100,00@iseholds with heat

Stirling VPP SOFC VPP CHP + district heating
Energy savings (%) 22
CO, emission reduction (%) 21
Overall exergetic
efficiency’® (%) 51
Total costs €/GJ heat 13

Capital costs € / GJ energy
saving

6.4 Conclusions

The main technologies that are currently used éurskhold heat supply are heating boilers and cligtigating
systems. Criteria were derived from the values/isgoels of the main actors of th€HP VPP system. It can be
concluded that all the systems will provide enesgywings and C@Oemission reductions compared to the
reference system of a boiler and grid electricitye Sirling VPP scores worst on almost all critedanpared to
the SOFC VPP and district heating systems. The S@IFE scores the best on the £#nission reduction and
on exergetic efficiency (because of the high heas lof the district heating system), but is by tfeg most
expensive option to produce heat. The districtihgatystem produces the heat the cheapest andch@ve the
highest energy savings and is therefore the masteftective option.

Next...
Last, the overall conclusions will be given on thasis of which recommendations shall be formulafdsio a
reflection on the research and suggestions fondéanesearch will be given.

%8 The exergetic efficiency of electricity + the egetic efficiency of heat.
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7 Conclusions, recommendations, reflection and furtheresearch

Based on the above analyses and evaluations trexageronclusions and recommendations will be presen
Also the research will be reflected upon and basedhis, further research suggestions are givea.tBe last
paragraphs of each chapter for more detailed csiutis.

7.1 Conclusions

uCHP can potentially contribute to energy saving®, €mission reductions, less grid losses and higrarrite
of electricity supply. When aggregated into a VR&ytcan be deployed for technical and commercighqaes.
The main research question of this research was:

Is it technically feasible, economically viable,daheneficialto implement and operate a micro-CHP virtual
power plant in the Netherlands and what is the ioté the institutional environment on those asg2ct

First a general conclusion will be given and thenaxe elaborate one.

General conclusions
It can be concluded that it is technically feastiolemplement and operateu@€HP VPP in the Netherlands if the
VPP system is combined with heat storage.

Under current institutional conditions and econoragsumptions, it is not economically viable to
implement and operate &CHP VPP in the Netherlands. Also it is not an ecoically viable option to use the
uCHP VPP as an electricity only plant.

Institutional change is needed to make tigHP VPP economically viable and to accommodate the
system into the existing power system without peots. The institutional environment has a very langgact on
the economic viability.

It is beneficial to implement aCHP VPP compared to supplying heat with a boiled afectricity.
Energy savings and G@mission reductions can be achieved by implemgrgimiCHP VPP. However the cost
effectiveness in terms of energy savings is raih&rfor both the Stirling and SOFC VPP comparea tistrict
heating system.

Detailed conclusions

Technical feasibility
The technical feasibility evaluation was based lu hain technical components needed for operatiGiP
units, control system, and electricity networks.

uCHP units can not respond instantly to energy dehwranges and their overall efficiencies are low
during start-up and shut-down. The biggest issule aviStirling VPP is that it can only be operatedd couple of
hours per day during summer without dumping head, that therefore either very expensive seasonedt is
needed, or central power capacity that will alrmattbe used during winter. The biggest problenttierSOFC is
that it can not be operated dynamically and thatettore the number of start-stop cycles shouldinest limited
to zero. Energy storage and supplementary heaéingalve most of theCHP limitations and provide the VPP
operator with more flexibility.

Not much literature on the control system componéstyet available because most of them are under
development. Based on interviews with ICT and safevexperts, no major problems for the controlesysivere
identified. The only possible problem might be ttizg local control system needs to be adjusted veheaxt
generation wire-less communication network emerges.

For network impacts it can be concluded that lag®unts ofuCHP units (up to 50-75% penetration)
can be accommodated within existing electricityvoeks without causing major problems and withoutihg to
make adjustments to the networks or equipment. Atnadl identified problems can be solved by techhic
solutions at a certain cost. So the connectioraafd amount ofifCHP units is not a technical problem but an
economic one. The conclusions should however birowd by large scale field tests.

Economic viability
The economic viability was evaluated on the bakigvo scenarios:
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1. The uCHP is purchased/leased by the household and plaekitid the customer meter and the VPP
operator only invests in control systems and hieaaige and has indirect control;

2. TheuCHP VPP is considered to be an alternative forraralktlsed CHP with district heating system and
the VPP operator finances and placesiielP system before the customer meter. The VPP tgpdras
direct control over thaCHP units.

Scenario 1 is not economically viable because @h lthe Stirling and SOFC VPP, the short and timg laun
costs of electricity production are higher than welesale electricity prices. In scenario 2, thpital costs of
the VPP can not be recovered with electricity sales$ trade because the levelized costs of eldgtpcoduction
are much higher than the electricity retail and ekale price.

A Stirling engine is not suitable for base and rimediate operation because this would lead to |aegg dump
for most households. The SOFC can be operatedaseaload and intermediate load plant but notzesa& load
plant because of performance degradation due tandinoperation.

The most common indicators used to determine tbeaeuic viability of a system by investors are tle¢ present
value (NPVJ®, the internal rate of return (IRR)and the discounted payback titheMonte Carlo simulations
were performed to determine the certainty levelpasitive values for those indicators for scendioThe

certainty that the NPV is positive, the IRR is teglthan 8% and the discounted payback period shide the

lifetime of the system (under these conditions s$listem is in principle economically viable), was 28t a

Stirling VPP and 0% for a SOFC VPP.

The factors that influence these indicators thetraos
» the capital costs the of tiCHP unit
» the lifetime of theuaCHP
» the wholesale gas price
» the consumer heat price

The Stirling VPP can break even with significanaiees of those critical factors while for the SQ#en bigger
changes in these factors are needed to break even.

Institutional impact

The institutional environment of theCHP VPP was described and evaluated based on ihéafger model by
Koppenjan and Groenewegen (2005). The impactseoinstitutional environment on the technical fegisyoand
economic viability were analysed by combining thstitutional evaluation with the analyses from dka3 and
4.

Impacts institutional environment on the techniealsibility of theuCHP VPP
The uCHP units should comply with the requirements i@ @rid Code to prevent damage to ti@&HP units and
problems for the network. No provisions are maddtie outputs offCHP units connected to the grid with power
electronic converters, which implicates that alsoverters can be connected that produce harmonics.
Currently, the protection thresholds and discorioectimes for power electronic devices do not
guarantee the proper functioning of the LV netwdklso no provisions have been made for voltagesriiee to
electricity production by CHP units.
The provisions for planning and production in thid@ode do not apply for @CHP VPP. This leads to
unfair competition with large power plants that éabligation like reactive power provision.

Impacts institutional environment on the econonability the u«CHP VPP
The arrangements between the VPP operator andotieehold can impact the economic viability, espigcia
scenario 1 if the maintenance costs of the SOFQraerestimated.

9 The present valG&of expected future net cash flows minus the ihitisestment costs during a certain period (Mayes,
2009). The NPV calculates the economic profit ofrevestment.

0 “the discount rate that makes the net presenevaflthe investment's income stream total to zero”

®1 The discounted payback period is the time requivesarn back the investment with discounted futagh flows.
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The formal institutions can have a very large inigacthe economic viability. The regulations wittetlargest
impact are:
* Purchasing subsidies faCHP
» Heat law: heat prices have a large impact on tlemauic viability, so stricter price regulation can
severely impact the viability
» Energy tax: if the energy tax exemption would inlgwnits smaller than 60 kW, the economic viability
of the SOFC VPP would improve significantly. If ttex exemption would also be given for units with a
electrical efficiency lower than 30%, the StirliWgP could become economically viable.
» Emission trading schem@CHP units do not fall under this regime and thugkéf emission rights for the
power sector will be fully auctioned in 2013u@&HP VPP can save costs compared to a conventional
power plant.

From the values and norms of the government itbeanoncluded that it is likely that they are wifjito change
some institutions to stimulategCHP. It is however not likely that the 30% efficbgrthreshold for the energy tax
exemption will be lowered.

Beneficiality of auCHP VPP

The uCHP systems were compared with existing systemshéarsehold heating on criteria based on the
values/norms/goals of the actors identified in B@th the Stirling as the SOFC VPP can save enangyreduce
CO, emissions compared to a reference system consistiagondensing boiler and grid electricity. Thilig
VPP scores worse on almost all criteria and the G@PP produces heat at the highest costs. Disteiating is
currently a more costs effective (in terms of captosts/GJ energy saving) option to reduce prinsargrgy
consumption and C{emissions but its application is limited to new sesiand densely populated areas.

7.2 Recommendations
Based on the conclusions the following recommendatare given:

 To safeguard the power quality of the grid, alsdpati requirements for power electronic devices
connected to the LV grid should be included inghd code;

* Implement the proposal that has been made by th@sD8 align the Grid Code with Europep@HP
standard CENELEC EN 50438;

* Include provisions for voltage rises due to progucby uCHP units in the Grid Code;

* Make or change regulation based on the total pawpacity of theuCHP VPP and not based on
individual p.CHP capacity to prevent unfair competition for:

0 Large power plants: for large plants much more igios are made in the Grid Code than for small
units. AUCHP VPP would have the benefits of large powertplant not the obligations;

0 uCHP VPP: currently there is no energy tax exemphioorelectricity producing installations smaller
than 60kW. Such an exemption would greatly imprtneeconomic viability of aCHP VPP;

» Don't support or invest in Stirling VPPs. A largepacity of conventional power plants, that will abh
not be operated during winter, would be neededdipplying electricity during summer because then th
Stirling can almost not be operated without dumpingat (without seasonal storage). This is
economically not efficient from the total power ®a point of view. Also the Stirling VPP scores sior
on almost all the criteria compared to the SOFC ¥RéP district heating systems;

» Support or invest in district heating insteadt@HP VPP on the short term. The district heatingesyss
currently more costs effective thamu&HP VPP in terms of costs per energy saving ants asheat
production.

* On the longer term, support a SOFC VPP becausetlitel best alternative of the researched options to
reduce energy consumption and £#missions in the domestic sector in less densmgiylated areas and
existing housing.

7.3 Reflection and further research

A reflection on the research and the research rdsti®given and further research recommendationgjigen
based on this reflection.
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Energy storage

Both seasonal storage and electricity storage metrencluded in the research because these systentrrently
way too costly for individual households. Seasosi@rage could however make the Stirling VPP a more
attractive option because one of the argumentsonioivest in such a system would no longer aplyge back-

up capacity of central power plants needed durimgrser. Electricity storage could enhance the ojmsralt
flexibility for the VPP operator and thereby canrigase the trade profits. It is therefore recomradritiat further
research is conducted on this system in relatioriRBs.

VPP spreadsheet model
The model described in 4.2.1 used to calculateviPB outputs that were used for the economic ancesamn
criteria calculations has a number of limitatiorsei will be discussed below.

The first limitation of the model is that the engmdemand profiles used as an input have a resolatidl0/15
minutes. In reality the electricity and heat demaad have high fluctuations within minutes. Thisame the
energy savings and G@mission reductions can be overestimated becaadmiler will be operated less than in
reality. It also implicates that the electricitypext and thus the trade revenues might be undevastd because
with more capricious demand profiles it harder tbe pnCHP to follow these demand changes given its
operational limitations and will thus export mom@ the grid and the boiler will operated more. Ruggd
Ribberink (2004b, p.20) showed that the use of anlttute energy demand profile instead of a 1 minuitdile
would lead only to a deviation in outcomes or acbdr6%.

Second, the efficiencies are assumed constantglpant-load and start-stop to keep the simple ehdity the
efficiencies ofuCHP is very low during start-up because the gagtifipws are high and the output low. Also the
efficiencies are lower during part-load operatibpuGHP systems. So the model overestimates the esaxgygs
and CQ emission reductions.

Third, another simplification was that the therraatl electrical efficiencies are assumed lineapréctice when
the electrical power is modulated the heat outputat per se modulated with the same magnituden eality
the heat to power ratio can differ per time unitéol has an influence on the model outputs.

The model output however in general compared ratledirwith the outcomes of model from other souraad
most differences could be explained.

Further research with more sophisticated modelslawdr resolution energy demand profiles (measuvet
smart-meters) is recommended to calculate moraggigavhat the energy savings, €€mission reductions and
revenues could be.

Economic calculations
Also the economic calculations have limitations mhabecause the limited time and resources of thiecs.

In the economic calculations not all possible beaeind costs were included in the calculation bse&of time
limitations and because the thesis was written frmrspective of Nuon Energy Sourcing, a potentiBlPV
operator. To determine the benefits and costs dfi susystem for society as a whole, a social dostefits
analysis should be performed and factors like doms®ductions and higher security of supply shdaddralued.

Further, not all possible commercial purposes warkeided in the research (again because of timigdiions and
perspective). Only the most common costs and resegou would have with conventional power plantsewe
included in the calculations. There are howevereothossibly profitable purposes for &HP VPP, like
combining it with intermittent renewable energy @ms and thereby reducing imbalance costs. Thialdghme
further researched. See the research of Houwin@9j2for other possible commercial purposes of (ehgsof)
UCHP units.
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Also not all possible arrangements between VPPabpeand household were researched in detail. @ndy
possible scenarios were used as basis of anaty$isit the scope of the research and because refsedout
these arrangements or more interesting from d paiait of view.

There are however also other arrangements podbkitienight be more profitable for the VPP operator.
This should be further researched.

High oil prices fluctuations can cause a very higliation from forecasted wholesale and consumat fréces.
Both factors have significant impact on the ecorowvigbility calculations. Some variation was howebailt in
the model with the Monte Carlo simulations basedhistorical changes of the price parameters.

The assumed proportions of household demand segrt@malculate the output of the VPP was basecdhen t
Nuon retail data which might not be representatorethe whole of Netherlands. However no other azieu
enough data were found in literature about thisaye energy demand distribution to verify.

Comparison with existing technologies

The VPP is only compared with the currently mostlely used heating systems for households. To daterm
whether solar boiler and heat pump systems couterblee supported thanpgCHP VPP in the future, also the
score on the criteria of those systems should $earehed.
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Appendix A Generator types
The impact of connecting DG to the network diffeex generator type. Therefore several generat@stgnd
their impacts on networks are shortly discussed.

Rotating synchronous and asynchronous/inductioreiggars

Synchronous generators produce a 50 Hz alternatirrgnt (AC) output and are synchronized with tlieeteicity
power system. Asynchronous generators, also celthe:tion generators, need the grid to produceltage and
follow the voltage and frequency of the power systgCHP reciprocating engines and some Stirling engines
types (Microgen) are connected to the grid throsghchronous generators (Double Fed Induction Gawrera
(DFIG)). Wind turbines usually use asynchronous egetors and somelCHP Stirling engine designs
(Whispergen) as well.

A big difference between the two generator typdbas synchronous generators can keep producingmpaven
disconnected from the grid and asynchronous gesreraain not unless the lack of reactive power ispensated
by capacitor banks. Another important differencéha asynchronous generators can only providep@akr to
the network and will draw reactive power and synolous generators can both provide active and vesgtwer,
but can also draw reactive power from the grid.sThéas implications for the voltage profile of tHeatricity

networks they are connected to as explained inteh&p

Power electronic interfaced systems

Fuel cells, PV cells and batteries produce direatent (DC) power and need a DC/AC inverter to @mtrio the
grid. Micro turbines have very high rotating speeds! therefore produce high frequencies and negoWeer
converter to connect to the grid. The main taskhefpower electronic interface system is to contrextDC or
non-50 Hz AC output of the distributed generatdtérg into 50 Hz AC network input. These convertesrter
based technologies have different impacts on theark compared to the directly connected generafbhe
converter/inverter based generators can cause harrdsturbances in the network but have a low ichpm
network fault levels and network instabilictive as well as reactive power can be providetth wifunction the
power electronic control (Ackermann and Knyazki®02).

Differences between large DG units ar@HP units

A large part of the literature dealing with netwonkpacts are based on larger DG units (<10MW). firfaen
difference between larger DGs andHP are summarised in table 25

Table 25: Differences between large and micro (coggerators

Aspect Large DG (>250 kW < 10MW)  uCHP (<5kW)
Network connection To 10/20/36 kV network (MV) Uat kV network (LV)
Voltage/frequency control Usually equipped withstltiontrol, Not equipped with control, but

but often not used (Bozelie, 2009) converters connected units could be
equipped with control for that

function
Phases 3 phase generators 1 phase generators
Fault level contribution Can be significant Insigrant compared to network
contribution
Network protection Less of an problem (Bozelie, 200 Can be problem
Power quality Generally produce smooth sinu€ssuld produce harmonics / non-
(Bozelie, 2009) sinusoidal currents
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Apeendix B Detailed description of network impacts
In this appendix some more details about the nétwopacts are given

B.1 Voltage impacts of DG

The impact on the network voltage depends on tteeaid location of the DG unit, the active and tieagower
output of the DG unit, the load in the network, thedtage regulator settings and the network impedgBarker
and De Mello, 2000; Tran-Quoc et al., 2003).

Connecting DG also have a positive impact on thevork voltage. The voltage profifeof the system can be
improved by connecting DG because DG units canigeokeactive and real power to the load which cises
the current in a section of the distribution netkvand increases the voltage magnitude at the cestsitie. This
improvement increases with decreasing power f&cticreasing power rating, and increasing load usisbs
(Chiradeja and Ramakumar, 2004). The improvemesat @ pends on the location of the DG. Locating DiEsu
near the load centres can achieve improvementseivaltage profiles if they supply part of the cusér load
(Azmy and Erlich, 2005; ljumba et al., 1999). Tpissitive impact will mainly occur in highly loadext weak
networks (Geidl, 2005).

A number of factors can increase the chance oagelproblems to arise:

* A high concentration of DG units in a particulartwerk causes bigger voltage problems than more
evenly distributed DG units (Cobben et al., 200&)kins et al., 2000; Geschiere, 2008; Tran-Quoc,
2003).

« A DG connection further away from the MV/LV transfter leads to bigger changes in the voltage
profile than DG connections near the MV/LV transfer (Tran-Quoc, 2003).

* Rural distribution networks are more sensitivevfoltage rises than urban networks because they &ave
higher impedance, lower capacity and low loads ¢Adand Tran, 2003; Canova et al, 2007; PB Power,
2007; Strbac et al., 2006; Tran-Quoc, 2003). Baythre easier to control because the network neeeta
is bigger than resistance (Bozelie, 2009).

There are also some factors that decrease theebroltage problems:

» If the aggregated power generation by DG unitgrialker than the power consumption in a distribution
grid, the voltage profile changes stays withinlthats (Dondi et al., 2002).

* Variations between maximum and minimum voltage lles@mpared to a situation without CHP are
reduced when a CHP unit follows the local electrioad and vice versa compared to when a CHP unit
does not follow the electrical load (Boljevic et, £008).

* Urban networks are usually more suitable for cotioecf DG because of their low section impedance
(thus low voltage rise), short cable, high loadd &g MV/LV power transformer (Andrieu and Tran,
2003; Canova et al, 2007; PB Power, 2007; Strbat,e2006; Tran-Quoc, 2003).

A voltage change in a distribution network can based by active/reactive power produced by a D& (&g]
Qq) or drawn by a load (PQ.) and can be approximated by:

V1-V2=(PR+XQ)/NV

where P =active powernoutput of the generator
Q =reactive poweboutput of the generator
R =resistanceof the circuit
X = inductivereactanceof the circuit
V = nominal voltage of the circuit
Z = R + jX =impedancef the circuit

" The magnitude of the voltage during the day.
2 Ratio between real power and apparent power {weattreal power).
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In figure 23 this is illustrated for a simple twasbsystem. In distribution networks the active powgtput of a
DG unit has a bigger impact on the voltage prdfin reactive power output because radial netw@vkich are
often used for distribution) have a higher resistathan reactance (Hemdan, and Kurrat 2008; Traoe@t al.,
2003).

P,31 Q @ BMV/LY transformer

I-‘.I.’QL‘ 1,|||2 1,|||']

Figure 23: Two bus system with DG, adapted from (Vieos et al., 2007)

B.2 Anti-islanding
An island can occur if there is a match between ad generation when the loss of mains occur arehwthe
LOM protection fails to detect the LOM.

Unintentional islanding can lead to the followingplplems (Arsenal research and Econnect Ltd 2002ekn
2009; EA Technology Ltd, 2001; Kauhaniemi, 2003;mfwlainen and Kauhaniemi, 2004; Kumpulainen et al.,
2007; Resource Dynamics Corporation, 2006):

» Electric shock hazard for maintenance personnel,

* Voltage and frequency control can no longer be igexi’by the utility and need to be provided by i@
units. u.CHP units are usually not equipped with voltage &eduency control. If active and reactive
power is not balanced between load and generatidtage and frequency limits may be exceeded;

* The DG units may continue operation during aut@selopen time and thereby sustain voltage and feed
fault current. This will lead to unsuccessful retice and the fault becomes permanent;

* The islanded part of the network may not fulfil tpeounding requirements, and therefore unearthed
operation may occur;

* Uncleared earth or phase faults due to low shortiticapacity;

* Reconnection of the islanded part of the networkobees more complicated in case of automatic
reclosing. Out of phase reclosing of the DG unié® ©ccur which can cause damage to network
components, the DG unit and customer loads.

» Tripping and clearing of fault can become not gelec

There are several anti-islanding/LOM protectionhoet available (Kumpulainen et al., 2007):

» Passive methodghese are the most commonly used methods (ROCORa@tage vector shift relays)
for LOM protection. Passive methods monitor voltagel frequency locally and relays are tripped when
significant changes are detected. All passive nuthbave a non-detection zone and can cause
unnecessary tripping of DG units (nuisance tripping

» Active methodsthese methods actively de-stabilize the islandnbyitoring the system response to self-
created network disturbances. These methods amonstdered to be reliable or effective when midtip
DG units are connected to the network (Ye et 8032

» Telecommunication based methodlsese methods (Transfer trip/intertripping, powee Isignalling)
don’t have a non-detection zone and do not causamee tripping (Kumpulainen et al., 2007). Both
(Jarrett et al., 2004) and (Horgan et al., 200&esthat transfer trip is the most effective LOMtprtion
method. These type of methods are however expensive

B.3 Power quality
Harmonics

“Harmonics are sinusoidal voltages or currents viifyuencies that are integer multiples of the posystem
fundamental frequency” (Fuchs and Masoum, 2008) f60Hz in the Netherlands). Any deviation frone thure
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sine form of the voltage and/or current createsoaics. Harmonics are caused by equipment or laétisnon-
linear characteristics like power converters/in@est Harmonics can increase losses in and causpenation of
electronic devices, cables, transformers, and camgation systems. Like with the problems discussethe
previous paragraphs, a f@€HP units are not likely to cause severe problemtsie cumulative effect of a large
amount ofuCHP units could cause harmonic distortion.

DG units like PV-panels, fuel cells, and micro-inds are always connected to the grid by powerreleics.
Concerns exist that power converters will produaarionic currents. The use of low loss convertds line
commutated (thyristor) converters, can cause haigaoNewer types of converters (self-commutatedulated
gate bipolar transistor (IGBT)) that use PWM (puisglth modulation) are capable to significantly ued
harmonics but are far more expensive (El-Samahy BlR8aadany, 2005Jenkins et al., 2000; Resource
Dynamics Corporation, 2006). Kauhaniemi (2003) geenied simulations to research the impact of a shyriand

a PWM converter on harmonics. The higher harmopicgluced by a PWM converter during a high power
situation are 0,8% of the fundamental line curaamd 1% of the fundamental line voltage. Harmoriter§ could
be used to further reduce harmonics. Under the samditions, the thyristor converter produced Sdinnfonics
that are 20% of the fundamental line current andd®%me fundamental line voltage. Also resonaneevben
thyristor converter and the network could occur.liSulated gate bipolar transistor (IGBT) convestproduce
less severe and higher harmonics than thyristovarters and higher harmonics are more quickly reduban
lower harmonics (PV Upscale, 2007b). So IGBT cotersrare preferred over the older thyristor corarsrto
reduce harmonics problems. R@HP units no thyristor converters are used, soig@tmblems are expected.

The three biggest distribution network companieghie Netherlands reported that harmonic problemyg on
occurred in special cases (resonance) with invedenected PV-panels (PV-Upscale, 2007a). In omdystPV
Upscale, 2008) measurements on four sites witherdifft network and load characteristics and high PV
penetration (up to 80%) confirmed that the poweadlitglimits were in general not violated. Howevigr cases of
high PV production some voltage harmonics were dodine harmonic limits were exceeded in one casause

of a resonance effect between network harmonitde ¢apedance and high inverter input capacitance.

Directly connected rotating generators can havesitipe as well as a negative impact on harmoriicgy can
produce significant harmonics depending on the ggaewindings, grounding and other factors (Barded De
Mello, 2000; El-Samahy and El-Saadany, 2005). Gndther hand they lower the harmonic impedancénef t
networks which reduces the harmonic voltage ang th@ absorb harmonics (Jenkins et al., 2000; Qaoe et
al., 2003).

Voltage unbalance

Voltage unbalance in a three-phase distributiotesyss defined by (Trichakis et al., 2006) as: “caadition in
which the three-phase voltages differ in amplituate are displaced from their normal 120 degree phase
relationship or both”. Voltage unbalance can oaghien the exported power of single phase micro-@uggators

is distributed unevenly across the phases or wsiagde phase loads are unbalanced. Low impedarteerie

can better cope with unbalanced loads and generdism high impedance networks. (PB Power, 2000jtage
unbalance can have detrimental effects on rotajemerators (counter rotating torque, motor oveihgptand
also on power electronic converters which can preduore non-sinusoidal harmonics (Jenkins et @Dp2PB
Power, 2007).

(Trichakis et al, 2006) performed simulations tadstthe impact on the voltage unbalance for a gipitK LV
network after connecting 1.1 kWeCHP units. They conclude that the voltage unbalana®eds the limit of
1.3% with a 150% penetratitnof pCHP units. Problems are expected when large numtifesnall scale
embedded generation (SSEG) units are connectedetpluase of a three phase system (Econnect Vertigkes
2007).

Voltage dips

3100% penetration is defined as all customers lggaifh.1 kW SSEG installed. So 150% means thatdhepoutput of the
uCHP units is 1.5 times higher (bigger units).
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Voltage dips are usually caused by networks fauits,start/stop operation of many or large distiéout
generators, and switching of large loads. Voltags dauses power frequency disturbances which edrabmful
to electrical equipment and rotating DG units. D@sican exacerbate a voltage dip if they are #éibpecause of
anti-islanding protection and will no longer cohtrie to maintaining the voltage profile. Convertennected
units have voltage-dip ride-through capability anaeh therefore prevent this problem (Renders andi®aide,
2006). Test units of Stirling engines have proverhave voltage ride through capabilities as wetnrter
connected DG units can also help mitigate a volthgdy injecting active power (Renders et al, 2008

Voltage flicker

Voltage flicker is the dynamic variation of the wetk voltage that can be caused by loads or gesrsrathis
flicker needs to stay within limits laid down bytimal and international standards to prevent aanog to
customers (with voltage flicker the brightness arhps fluctuate). DG can contribute to voltage #icbecause
the DG unit may start and stop frequently (Jenlkhal., 2000). Also sudden and large variation Gf Gutput
may cause voltage flicker. With converter connedisl the starting current can be reduced and theadtty
voltage flicker (Knazkins, 2004). Converter basgstams will only be able to reduce voltage flickethey are
equipped with voltage regulation or when they grerated as controlled voltage sources (NREL, 2003).

B.4 Network stability

Rotor angle stability
The ability of synchronous machines in an interemt@d power system to remain in synchronism aftémgo
subjected to disturbances is referred to as thar eotgle stability. After a disturbance, the eduilim between
electromagnetic torque and mechanical torque farhesynchronous machine in the system has to be
restored/maintained. If this is not realised, ib#ity may occur in the form of increasing angusavings of some
generators which leads to loss of synchronism (&his Inc., 2006). Rotor angle stability can dded in two
categories:

» Small disturbance/signal stability: how the systesponds to small disturbances;

» Transient stability: how the system responds tgdaignal disturbances.

The angle stability might become more difficultnb@intain when a large number of DG units is coret:td the
grid. When they are tripped during a network distunce, the central power plants are put on a latress to
retain the system synchronism (Thong, Dommelenl.et2804). However when loads are served over large
distances and when there are sufficient generatisgrves and thermal transmission capacity, angtdaility is
unlikely to constrain DG penetration (Kinectricg [n2006).

Small-disturbance (or small-signal) rotor angle Isiteay

The power system is stable when the generatoradego remain in synchronism after being subjetdeal small
disturbance (Kundur et al., 2004). If the distutgrdoes not cause significant deviations of thdesys
parameters from the steady-state equilibrium, ¢aied a small disturbance (switching a capaddad).

Small signal instability can occur if the systerokis sufficient oscillation damping capability whichn lead to
rotor oscillations of increasing amplitude (Kuneéairal., 2004). Simulation results from (Azmy andidgr, 2005),
show that high utilization of power electronic iriteced DG units (fuel cells, micro-turbines) conteglcto the LV
grid can improve the damping of electromechanicalles. Another research (Genc, I. and Usta, O.,)2005
focussed on the effects of DG synchronous generador the oscillatory instability. They conclude ttha
synchronous DG can cause local or inter-area iitisia depending on system’s topology, operatiognp and
control parameters. According to Bozelie (2009) thikowing rule of thumb can be used to preventtage
stability problems: net export of power is possilpeto 60% of the transformer capacity without aagisoltage
instability problems (small signal instability).

Transient stability or large-disturbance rotor aegtability

The power system is transient stable if it can me@t acceptable steady-state operating point fallgwa large
disturbance like a short circuit fault and losslarfge loads/generators (Machowski, 1997). In cdsae large
disturbance, rotating machines could start swingiitlp respect to each other and that is why thesiemnt
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stability is also referred to as the first swinglslity. The transient stability depends on thddiwing factors
(Harrison and Wallace, 2004; Kundur et al., 2004):

* Network topology

» Severity, nature, and location of the disturbance

* Initial operating state of the system

» DG characteristics and penetration level

Power electronic interfaced DG units
Azmy and Erlich (2005) show with simulations thatiacrease in penetration level of power electramierfaced
based DG units (fuel cells, micro-turbines) coneddb the LV grid can improve the transient stabidifter a
fault by decreasing the magnitude of the maximurwgroangle deviation between two central synchronous
generators connected to the HV grid. They alse dfadit larger disturbances can be handled witheasing
penetration levels and that damping is somewhatased.

(Svalova et al., 2007) calculated the criticallfazlearing time (CCT) for different DG penetration
scenarios. CCT is defined as: “the maximum duratibthe fault which will not lead to the loss ofrgjronism
of one or more generators”. So higher values of @@icate higher transient stability. For incregspenetration
(up to 40%) of converter based DG units, no changthe CCT values were observed compared to the 0%
converter penetration situation.

Directly connected synchronous and induction getoesa

Thong, Vandenbrande et al. (2004) simulated thegiBeltransmission system and researched the trdinsie
stability when subjected to two different largetdibances: generator outage and 380kV line outéibey
studied the stability with and without large syraious and induction DG units connected to the 70&Wvork.

It is assumed that the load remains the same a@neftine that power produced by DG units will redtieepower
output of the central generators. They concludeftraboth disturbances the transient stabilitwse with DG
connected cases compared with the base case wiildwnd that induction generators have a largeatigy
impact on the transient stability. This is becaless central generators were online (becausediey operate
below a certain threshold) with stronger voltage ftaquency control.

Reza et al. (Reza et al., 2004) simulated faul@libranches of a power system consisting of X@raé
generators and different penetration le{fets five different types of DG unitd They quantified the effects on
maximum rotor speed deviation and oscillation darat The results show that the maximum motor speed
deviation of most central generators decreasesimgtieasing DG penetration levels. They show thajd power
flows have a detrimental effect on the damping sfiltations and that implementing DG limits theiaetpower
flows when used to supply local loads. They theeefonclude that implementing DG improves the fents
stability. In his Ph.D. thesis Reza (Reza, 2006)whtich he used the same simulation scenarios héefur
concludes that there is no significant stabilitglgem up to 30% penetration level regardless thet&Bnology
when the centralized production is remained theesaile increasing load is covered by DG. Furtheerioe
concludes that DG equipped with voltage and frequeontrol improves the power system transientiktyaby
reducing oscillations. He also simulated the caswhich an increase DG units is followed by a reiducof
centralized generators in service which reducesepeystem inertia (rotating masses) and reactiveepsupport
which are important factors to maintain transigabsity. In this case power system instabiliti@®ccur at very
high penetration levels (>50%).

Voltage stability

Voltage stability is “the ability of the power sggh to maintain steady voltages at all buses irsylstem after
being subjected to a disturbance from a givenahibperating condition” (Kundur et al., 2004, p.QB9To

maintain the voltage stable, reactive power denaarttisupply must stay balanced. An instability ofteours as
a progressive and uncontrollable voltage drop. agmt instability can lead to loss of load, and frigpof

" Defined as the ratio of the DG power output arltthial power output.

5 Asynchronous machine (Squirrel cage induction g&ne), Synchronous machine (generator) without gdltage

and frequency control, Synchronous machine (gem®raith grid voltage and frequency control, Powkactronic interface
of distributed generation without grid voltage dretjuency control, power electronic interface aftdbuted generation with
grid voltage and frequency control.
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transmission lines and equipment leading to casgadutages. Some situations can increase the chafnce
voltage instability:

» radial distribution system have a high resistarceetictance ratio, so they are more prone to \wltag
instability (Hemdan and Kurrat, 2008);

» if generation resources are located far away ftoeridad centres, reactive power support is mofedlif
because of high reactance losses in distributidwarks, and this can have a negative impact on the
voltage stability (Kinectrics Inc., 2006);

* a high concentration of DG is worse for the voltaggbility than more distributed DG (Hemdan and
Kurrat, 2008).

Power electronic interfaced DG units

Chen et al. (2006) performed simulations with thodterent large scale (3MW) DG units to study thmpact on
voltage stability of a 90 bus power system. Fot éals they conclude that they can improve theag# stability
especially when they are located near the weakasthbes of the system. Electronic power interfd@€dunits
(FC, micro-turbine) equipped with reactive powentrollers can improve the voltage stability at kbads (Azmy
and Erlich, 2005).

Directly connected synchronous and induction getoesa

(Thong, Dommelen et al., 2004) simulated the Belgiansmission system and conclude that a 10% raeioet
of synchronous DG units connected to the 70kV gnickeases the voltage stability limit and that #4610
penetration level of induction generators decrettsesoltage stability limit. This is because intloe generators
draw reactive power from the grid. (Chen et alQ@Q0confirm this finding with a simulation of coroieng 3MW
synchronous and induction generators. Knazkins4Rdtbwever states that newly installed inductieneyators
(Double fed induction generator (DFIG)) use modeonverters (self-commutated) which do not draw tieac
power and that in general it can be expected thatubits will not adversely impact the voltage diabi
(Jaganathan and Saha, 2004) conclude that DG caitssignificantly improve the voltage collapse nmarg
depending on the connection location. Especialiysunperating at lagging power factor improved tmargin
because they provide reactive power to the network.

Frequency stability
Frequency stability is defined as: ‘the ability of a power system to maintain steadygfrency following a
severe system upset resulting in a significant leniiee between generation and load.” (Kundur et28104,
p.1392). Instability occurs as sustained frequeswings which can lead to tripping of generators/a@nthads
and overloading of lines. To maintain frequency#itg, sufficient generation reserve is needed.

With increasing levels of power electronic inteddcDG, the rated output of (central) synchronous
generators decreases which means a decrease intalveserve power from the synchronous machineis. dan
cause higher maximum frequency deviations (AzmyEidh, 2005).
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Appendix C Economical viability: formulas, assumptons and cash flows
In this appendix the formulas used for the NPV, IBR] discounted payback period are given. Also the
assumptions on the basis of which these calcukatioa made and the resulting cash flows are pexsent

The formula used for the net present value (NP\§utations:
T

MNP =
;2.1 (T+r])

where NPV is the net present value, T is the peidodvhich cash flows are expected,i€de cash flow in year t,
r is the discount rate, ang @re the investment costs.

1

T =0

The internal rate of return (IRR) is calculatedhwibe same formula by calculating at which discaaté¢ the
NPV would be equal to zero. This illustrated withexample:

2000 2500 3000 3500 4000
(1+1RR)  (1+IRR) (1+IRR) (1+IRR)’ (1+IRR)

10,000 =

The discounted payback period is determined byutatiog the years it takes to payback the investméth the
discounted cash flows.

The calculate the net cash flow the following steped to be taken (Te Morsche, 2009):
(1) First the EBITDA® has to be calculated by: revenues — costs
(2) Then the EBIT hast to be calculated by: EBITDA — depreciation
(3) The net profit is calculated by substracting 25&8porate tax from the EBIT
(4) The net cash flow is calculated by: net profit prdeiation —investments

For depreciation the following formula can be used:
Cost of fixed asset — Scrap Value

Annual Depreciation Expense = -
Life span{years)

It is assumed that the scrap values of the VPPzeae

The consumer heat price is calculated with (basetl ariefadvies voor de levering van
warmte aan Kleinverbruikers 2008”, Energiened)

(1.330 m* x gasprijs) + (4.136 kWh x slek.prijs] - {4117 kWh x elek.prijs)
1G)=

34,87 GJ
The Nuon consumer gas and electricity prices weegl as an input.

Table 26: Base case assumptions for the NPV, IRR dmliscounted payback period calculations

Value Remarks

Discount rate 8% Value wused by Nuon Asset
Valuation team. Is based on
weighed average cost of capital

(WACC).

Inflation 2% Assumed inflation by Nuon Asset
Valuation

Year of introduction Stirling in Dutch 2010 Based on suppliers expectations

matte

® Earnings Before Interest, Tax, Depreciation andbAisation
" Earnings Before Interest and Taxes
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Lifetime Stirling engine (years) 15
Investment costs Stirling (€/unit) 3000
Maintenance costs Stirling (€/unit/yr) 60
Year of introduction SOFC in Dutch2013

matte

Lifetime SOFC system (years) 10
Lifetime Fuel cell stack 5
Investment costs SOFC (€/unit) 5000
Fuel cell stack costs (€) 1000

Maintenance costs SOFC (€/unit/yr) 70
Investment costs 200l storage (€/unit) 1000
Investment costs local control syster200
(€/unit)

Investment cost aggregator softwarg00000

(€)

Consumer E price (€/kWh) Varies per year (0.1388p.

Consumer heat price (€/kWh) Varies per year (0-00824)

Wholesale gas price (€/kWh) Varies per yeanfidential

APX fee (€/kWh) 0.00008
Annual APX fee 30000
VAT 19%
Energy tax electricity (€/kwWh) 2008 0.108
Energy tax heat (€/kwh) 0.022

Electricity distribution price (E/kWh) Varies per year (0.034 — 0.045)

2008

Based on suggliexpectation

Based ogdtcosts of suppliers

Basedestimations of suppliers
Based on suppliers expectations

Assumption basedaoyer SOFC
systems
Based on supplier tesget
Based on tamgs of suppliers
Based on prices catdd by
suppliers. Since the lifetime of the
system is 10 years the stack will be
replaced once in 2017.
Based omesions of suppliers
Basesupplier sites
Based on target costs of SAGEM
that will produce an residential
energy gateway
Based on estimation by Van der
Velde (2008)
The 2009 Nuon retail prices are
used as a basis. Corrected for
inflation and corrected with the
ratio of forecasted wholesale
electricity prices and the 2009
wholesale price to take into account
price fluctuations.
The 2009 Nuon retail prices are
used as a basis. Corrected for
inflation and with forecasted
wholesale electricity and gas prices
during the lifetime of the system
Forecasted wholes gas prices by
Nuon Risk Management
From APX site
From APX site

From Lawenvironmental taxes
Calculated with safoemula as
heat price with electricity and gas
energy tax from Law on
environmental taxes as input.

Recalculated to value per kWh

2009 prices fromtariff decision
of ‘Energiekamer’ were used as
basis. The price for other years was
calculated by correcting the price
for inflation.

Gas distribution price (E/kWh) 2008

Varies per ygnd11 — 0.0016)

2009 prices from the tariff diexis
of ‘Energiekamer’ were used as
basis. The price for other years was
calculated by correcting the price
for inflation.
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Table 27: Stirling VPP cash flows

Cash flows (mil E)

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Revenues
Revenues APX ] 7 72 8.3 5.9 8.6 104 109 103 1.7 118 11.2] 128 1259 125 142
Revenues electricity prod. - electricity export 0 17 19 19 Al 2 24 2B 2B 27 28 28 29 30 3 32
Revenues heat mCHP + heater 0 98 1 M7 123 129 134 140 142 144 145 146 148 151 153 156
Costs
Tanes
VAT AP + electricity + heat 0 P! Pl 28 29 30 2 4 34 35 3 3 3B F ]| P
Energy tax supplied electricity ] 8.2 8.2 5.2 8.2 8.2 8.2 8.2 8.2 5.2 8.2 8.2 82 5.2 8.2 8.2
Energy tax used gas 0 7 27 X X 27 X 27 r 27 27 27 X X 27 7
Expenses
Fuel costs mCHP + heater 0 k)l 35 37 38 40 42 44 44 45 45 46 46 47 48 49
Distribution costs electricity 1] 3.8 39 4.0 4.1 4.2 4.2 4.3 4.4 4.5 4.6 4.7 4.8 49 a2.0 2.1
Distribution costs gas 0 1.8 19 1.9 1.9 20 20 21 21 21 22 22 23 2.3 2.4 2.4
Maintenance costs 1] 3 B 5 3 3 3 3 3 3 B 3 3 5 3 3
AP transaction fee 0 0003 0009 0003 0009 0009 0009 0003 0009 0008 0009 0009 0009 0009 0009 0009
Annual APX costs 0 003 003 003 003 003 003 003 003 003 003 003 003 003 003 003
Investments 420 ] 1] ] ] ] ] ] ] ] 1] ] ] ] ] ]
Depreciation ] 28 28 28 28 28 28 28 28 28 28 28 28 28 28 28
EBITDA, 0 l 29 33 38 L 47 51 52 54 56 56 59 51 B3 66
EBIT 1] -6.5 1.0 5.2 2.9 131 18.7] 231 240 24 277 281 309 329 3|0 3\2
Met profit 0 -5.1 0.8 39 7.4 9.8 140 17.3 18.00 198 207 21.1| 232| 247 262 286
Net cash flow 420 22.9 28.8 3.9 354 378 42.0 453 46.0 478 487 491 512 527 542 566
Discounted cashflow (8% discount rate) 420 21.2 24.7 253 26.0 258 26.5 264 249 239 26 211 203 194 185 179
Table 28: SOFC VPP cash flows*
Cash flows (mil E)
2012 2013 2014 2015 2016 201 2018 2019 20200 2021 2022
Revenues
Revenues APX 0 18.1 17.8 204 22 213 229 24 232 251 B2
Revenues electricity prod. - electricity export 0 51 B4 B9 73 Fis) 7 L] (i o3 (i3]
Revenues heat mCHP + heater 0 124 130 136 141 143 145 145 147 150 156
Costs
Taxes
WAT AP + electricity + heat 0 39 40 43 45 46 46 47 43 49 51
Energy tax supplied electricity 0 23 23 23 23 23 23 23 23 23 23
Energy tax used gas 0 25 25 28 25 28 28 25 25 25 25
Expenses
Fuel costs mCHP + heater 0 49 51 53 56 56 57 o8 o8 59 B2
Distribution costs electricity 0 5.4 8.6 8.8 8.0 9.1 9.3 8.5 8.7 9.9 10.1
Distribution costs gas 0 2.5 25 26 2.6 27 27 2.8 2.8 249 249
Maintenance costs 0 7 7 7 7 107 7 7 7 7 7
AP transaction fee 0 0m3s 0M9) 09 0.9 0013 009 0.9 019 009 0019
Annual AP costs 0 003 0.03 0.03  0.03 003 003 0603 003 003 0.03
Investments 480 0 0 0 0 a 0 0 0 0 0
Depreciation ] 58 ] 58 53 58 58 ] ] 55 ]
EEBITDA, 0 47 51 59 BB -32 71 74 75 79 85
EBIT 0 -11 -7 1 g -390 13 16 17 21 e
Met profit 0 -11 -7 1 G -30 e 12 13 16 20
Net cash flow 580 46.6 507 58.8 64.0 323 675 700 /1.0 739 78.1
Discounted cashflow 8% discount rate) 580 431 435 466 471 220 425 409 383 369 362

*In 2017 the fuel cell stacks need to be replacetdhat explains the negative cash flow and higher maienance costs.
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Appendix D Trade revenues analysis

D.1 APX price analysis

In the figures below, the number of times the eieity price is above the SRMC during 2006, 2007 2008 is
shown. Since in 2008 the electricity price wereyvgigh and in 2007 very low compared to others geargood
range is shown.
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Figure 24: Hours where APX price is above SRMC of &tirling engine
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Figure 25: Hours where APX price is above SRMC of 8OFC

D.2 Detailed assumptions trade revenue calculations

Six of the nine energy demand profiles from tabfe ste measured electricity and gas demand data awith
resolution of 10 minutes (the so called EBA patgrithese data were measured by IVANhd the Amsterdam
energy company in 1994. Although the household dehpatterns will be different in magnitude in 2004 in

8 Department of the University of Amsterdam.
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the future because of the use of different and reteetric appliances and because of better insulatf houses,
the yearly heat and electricity demand compare wety with data from the Nuon Retail division ofetlaverage
electricity and gas demand per segment (see tabBlesd 30). So the author believes that theserpatsee still
very useful to produce realistic outcomes of theleho

Table 29: Yearly household energy demand measured Table 30: : Yearly household energy deand retail
H (kwh) H (kwh)
Low Interm. High Low  [Interm. [High
1339 1770 1586 1339 1530 1586
Low 4615 12592 17447 Low 4615 10417 17447
20 10 5
2148 3262 2278 2795 2884 2956
I(EkWh) Interm. | 6146 12794 15010 I(EkWh) Interm. | 5351 10658 17770
10 15 10
5223 4638 4855 5223 5179 6903
High 5586 18020 22556 High 5586 10877 21888
5 10 15

Since the measured data only covered 6 of the pssible segments, the other three demand prgfikas15
minutes) were created with the profile methodolbgged on the average yearly energy demand of teehold
segments from the Nuon retail data (as in Appendigince the profile methodology only provides Hpwas
demand estimates, these were divided by four @ter@n average 15 min. heat demand profile. Thiedesaand
for all profiles has been calculated by multiplyitig gas demand with the LVH of gas (31.65 M)/rand by
multiplying with 97% to subtract the gas that issdifor cooking and by 80% which is the averageeboil
efficiency in the Netherlands (EnergieNed, 1999).

For future electricity prices and calculation oeficosts the yearly power price and TTF gas pritanations
corrected for inflation (2%/yr) from Nuon Risk Magement were used. These forecasted yearly powegspri
were divided by the average yearly electricity @raf 2006, 2007, or 2008 and multiplied with theuithp price
curves of these years repetitively till the endh#f lifetime of the unit to estimate the future Hpyrices. These
three different price curves were used to creatgesaariation in the future estimations.
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Appendix E Comparison of outcomes of the model witlother sources
In the tables below, the figures with which thegeertage deviations of the model with the outconfesttrer
models are presented.

Stirling engine Houwing (2009)

SOFC Ruijg and  Ribberink
(2004b)
Inputs Source  Model Diff.
(%)
Energy demand profile EBA Idem
pattern
438
Electricity demand (kWh) 3262 Idem
Heat demand (kwh) 16487 Idem
Electrical efficiency (%) 40 Idem
Thermal efficiency (%) 45 Idem
Thermal output (kW) 1.13 Idem
Heat storage size (l) 86 Idem
AT heat storage 20 Idem
Outputs
Electricity prod. kwh) 5271 4884 -7
Electricity imp. (kwh) 753 667 -11
Electricity exp. (kwh) 2762 2288 -17
Heat produCHP (kWh) 5930 5494 -7
Heat prod. Boiler (kwh)
10557 11188 +6

Inputs Source Model  Diff.(%)
Energy demand Based on
profile profile

methodology ldem
Electricity
demand (kwh) 3400 Idem
Heat demand
(kwh) 12500 Idem
Electrical
efficiency (%) 15 Idem
Thermal
efficiency (%) 85 Idem
Thermal  output
(kW) 6 ldem
Heat storage size
)] 150 Idem
AT heat storage 25 Idem
Outputs Source Model Diff.(%)
Electricity prod.
kWh) 2203 2043 -7
Electricity  imp.
(kwh) 2431 2216 -9
Electricity  exp.
(kwh) 1235 860 -30
Heat prod.uCHP
(kWh) 12483 11580 -7
Heat prod. Boiler
(kwWh) 2 918 -

Surplus boiler
heat production as

percentage of
source heat
production +7
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Appendix F Monte Carlo input parameters and data amlysis

Below, the assumptions for the Monte Carlo simaladiand the data analysis are presented. Theatajas are
determined based on historical data as far asablai(see table 31) For data ranges with no availaistorical
data the range was determined on best guesses baskabwledge gained throughout the research. For a
parameters a triangular probability was assumenpas for the Monte Carlo simulations.

Table 31: Data analysis of Monte Carlo input paramters (all prices corrected for 2% inflation) (Energekamer, 2009;
EnergieNed, Energie in Nederland 2004 -2008; Gasansport services, 2009)

2004 2005 2006 2007 2008 Average DeviationDeviation
from min. from max.
value value

Cons. electricity 0.195 0.212 0.218 0.255 0.260 0.228 14.6% 14%
price (€/kwh)

Heat price 29.2 31.7 33.7 33.0 34.2 32.3 10% 6%
(E/GI)

Wholesale gas 21.6 154 254 19.1 19% 33%
price (E/MWh}®

Energy tax 0.072 0.076 0.076 0.074 0.075 0.074 3.4% 1.4%
electricity

(E/kWh)

Energy heat gas0.158 0.162 0.162 0.159 0.159 0.160 1.3% 1.4%
(E/kWh)

Electricity 0.0353 0.0343 0.0341 0.0329 0.034 3.7% 3.4%
distribution

price (E/kWh$°

Gas distribution 0.0132 0.0128 0.0124 0.0112 0.012 10% 6.4%
price (€/n)

Table 32: Inputs for the sensitivity and Monte Carb analysis (based on historical data analysis andtémations)

Expected Min Max
Capital costs Stirling (€/unit) 3000 1500 5000
Lifetime Stirling (years) 15 10 20
Maintenance costs Stirling 60 40 100
(€lunit/yr)
Capital costs SOFC (€/unit) 5000 3000 8000
Capital costs fuel cell stack 1000 500 2000
Lifetime SOFC (years) 10 5 15
Lifetime Fuel cell stack 5 3 8
Maintenance costs SOFC 70 50 100
(€lunit/yr)
Capital costs heat storage 1000 500 2000
(€/unit)
Capital costs local control 200 100 300
system (€/unit)
Consumer electricity price  As in model -15% +15
(E/kWh)
Consumer heat price As in model -10% +6%
(€E/kWh)
Wholesale gas price (€/kWh) As in model -20% +30%

" No data available before 2006
8 Before 2005 another tariff calculation method wasd by the regulator.
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Energy tax electricity 0.1080 -3% 2%
(€/kWh)

Energy tax gas (€/kWh) 0.022 -2% 2%
Electricity distribution price  As in model -4% +3%
Gas distribution price As in model -10% +6%
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Appendix G Detailed description of current institutional environment
In this appendix the a more detailed descriptiothefinstitutional environment is given.

In table 33 the low voltage connection requiremdimds are relevant taCHP are summarized. For installation of
production units to the low voltage network alse thutch standard NEN 1010 for low voltage instadiad
applies.

Table 33: Requirements fornCHP units connected to the low voltage grid

Topic Provision Grid Code article
Synchronisation production units Automatic synclzation with the 2.4.1.1
grid required
Power factor of production units Can be betweenda@acitive and 2.4.1.2
0.9 inductive
Protection of production units Must be selectivempared to 2.4.2.1

network protection systems
Protection of power electronicUnits need to be disconnected i2.4.2.3

devices smaller than 5 kVA case limits for over and under
voltage, frequency deviations are
violated.

Protection of synchronousUnits should be disconnected fron2.4.2.4

generators smaller than 5 kVA the grid in 0.2 seconds if the
network voltage drops below 70%
in one of the three phases.
Protection of asynchronousNo requirements however these -
generators smaller than 5 kVA type of generators are proven to be
grid tolerant (Bozelie, 2009)
Grounding of generators Units that can be operated 2.4.3.1
islanded or parallel mode must be
properly grounded at the neutral
point.
Requirements for rotating directly « Equipment to disconnect2.4.4
connected generators unit from grid during loss
of mains required. After the
grid voltage has been
recovered, units smaller
than 5 kVA are allowed to
be immediately reconnected
* Units must fulfil
requirement of harmonic
production as laid down in
NEN3173:1991
e maximum voltage drop
during grid connection
* possible measures  to
minimize fault level
contribution
» stable and calm behaviour
required (no swinging)

Requirements for units with aUnits with a peak power of less tha@.4.5.2
power electronic grid connection 5 kVA can be reconnected direct
after the voltage distortions as
mentioned in 2.4.2 has been
resolved have been resolved.
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The changes that are proposed by Enbin to aligrGtiiee Code with the European norm CENELEC EN 50438
are:

* uCHP with a connection of less than 3 x 16 A carctenected to the grid without notifying the DSO
beforehand unless it is planned on a project bagestall several offCHP units to the same part of the
grid. The household has to inform the DSO withmanth after the«CHP has been connected.

» The protection requirements for power electroniovesters and generators with a connection smaller
than 3 x 16 A (was <5kVA) are now equal.

* The thresholds and disconnection times in 2.4.2v& been changed (increased times and thresholds)

* Rotating generators should comply with a new stathttar harmonic: NEN-EN 60034-1:1999

* Requirements for units with a power electronic grahnection have been adjusted: now units smaller
than 11 kVA are allowed to reconnect to the grigclly after the voltage has been restored.

CO, Emission trading scheme (ETS)

The total allowable emissions are based on thedyaitocol obligations for each member statBach member
state then allocates the emission allowances (&misghts) to all the existing installations bassd historical

emissions of the installation (Directive 2003/87/Eticle 6€). If an installation emits more thaaswallocated,
the operator of that installation has to buy emissights from a legal person in the European Conitypuhat

has emitted less than was allocated (Directive BJJBC, article 12). From 1 January 2008 to 1 Jan@813,

90% of the emission permits are given free of chdogthe operators of the installation (Directivad2/87/EC,

article 10). This is called the grandfathering pijite.

A proposal for amending Directive 2003/87/EC to ioy@ and extend the ETS system from 2013 (post-&yot
has been made by the European Commission (200Be)following changes to the current ETS are proghose
* EU level cap on greenhouse gas emissions insteaakiohal caps;
* Reducing the EU cap of emission allowances forstwtors covered by the system with 1.74% per year
until at least 2028 so that in 2020 the emissitowalnces will 21% below the 2005 emission levels;
o If a global agreement will be reached the EU capbe adjusted accordingly (to reach the 30%
target);
» Broader scope: other big industrial emitters (ctoafsi aluminum) and other greenhouse gasses besides
CGO, will also be included;
» Progressive replacement of the free allocatioma&sion allowances by auctioning the allowances;
o Full auctioning of allowances for the power se@wnd carbon capture in 2013;
o0 Full auctioning for all sectors in 2020;
» 20% of the revenues from the auctions should bé ttseombat climate change by contributing to eperg
efficiency, CCS etc.;
* Free allowances could be given to electricity gatoes for heat delivered to a district heating exysor
industrial installations.

81 For the Netherlands a 6% greenhouse gas emissioiction compared to the emissions in 1990 is redui
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Appendix H Scores on criteria calculations

Energy saving and CQ emission reduction calculations
Heat losses of a district heating system are etdionan 25% by Heidweiller (2008). The grid lossesT a
central power plant to the low voltage grid are¥g-Energiened (1996).

Assumptions

El. efficiency  [Th. efficiency|Grid loss (%) Heat loss (%)|emission factor (kg/kWWh)
Stirling 0.15 0.8
SOFC 0.5 0.35
CHP 0.54 0.35 8% 25%
Grid (av) 0.43 8% 0.416
Grid (peak) 0.5 8% 0.409
Boiler 0.9 0.23
Gas (kg/GJ) 56.8
Stirling VPP output (kWh) SOFC VPP output (kWh)
Electricity mCHP 1.87E+08 Electricity mCHP 4 49E+08
Import electricity 2.15E+08 Import electricity T 40E+07]
Heat mCHP 9.99E+08 Heat mCHP 3.14E+08
Heat boiler 2.56E+08 Heat boiler 9.50E+08

Heat dump 9.54E+06

Stirling Grid

Energy input CO2 output |Heat Electricity Energy input CO2 output Heat Electricity (incl.loss)
mCHP 1.25E+09 0.255 9.99E+08 1.87E+08] Grid EI.
Boiler 2.84E+08 0.058 2.56E+08 Boiler
Grid electricity 4.31E+08 0.088 2.15E+08
Total 1.96E+09 4.02E-1 1.26E+09 4.03E+08| Total

Difference (%)

SOFC Grid

Energy input CO2 output |Heat Electricity Energy input CO2 output Heat Electricity (incl.loss)
mCHP 8.98E+08 0.184 3.05E+08 4 49E+08] Grid EI. 1.32E+09 0.236 5.68E+08
Boiler 1.06E+09 0.216 9.50E+08 Boiler 1.39E+09 0.285 1.25E+09
Grid electricity 1.72E+08 7 40E+07]
Total 2.13E+09 3.99E-1 1.25E+09 5.23E+08] Total 2.712E+09 0.522 1.25E+09 5.68E+08

Difference (%) 0.22 0.23

CHP Grid

Energy input CO2 output |Heat (incl.loss) Electricity Energy input CO2 output Heat (no loss) Electricity
Prod. needed with 25% loss 1.67E+09 Grid EI. 3.66E+09 0.655 1.58E+09
CHP (61%) 2.92E+09 0.596 1.02E+09 1.58E+09|Boiler 1.39E+09 0.285 1.26E+09
Boiler (39%) 7.25E+08 0.148 6.53E+08 total 5.06E+09 0.940 1.26E+09 1.58E+09
Grid electricity
Total 3.64E+09 0.7145 1.67E+09 1.58E+09] Difference (%) 0.28 0.2

Formulas and assumptions used to calculate exergetfficiency (Woudstra, 2008)
It is assumed that the temperature of the delivéreat is the same for all systems @5 to make a fair
comparison possible.

Average T requested heat 338 K (65°C)
T environment 293 K (20°C)
1-(TolTg) 0.13
Emission factor NG 56.8 kg/GJ
fex (Groningen Gas) 1.04

El. eff. Th. eff.
Boiler 0.0 0.9
CHP (including heat and grid
loss) 0.49 0.29
Stirling 0.15 0.8
SOFC 0.5 0.35
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Cost calculations

Assumed capacity factor district heating systerB0(Qbased on CHP district heating system data fkaran
Energy trade and Wholesale). All costs for the CHEistrict heating system are from Heidweiller (8p@nd

Hendriks (2009).

Assumptions CHP + district heating

CCGT CHP
Electrical efficiency 0.54
Thermal efficiency 0.35
Current capeX CCGT (E/kWe) 750
Maintenance costs (% of Capex) 3
Pel 450 MW
Pin 292 MW
Capacity factor 0.30
Lifetime 30 yr
Pipeline data
Capex primary grid (€/household
equivalent) 3000
Capex secundary grid (€/woning
equivalent) 3800
Capex substations (€/woning equivalent) 350
Maintenance costs primary grid (% capex) 2
Maintenance costs secundary grid (%
capex) 2.5
Maintenance costs substations (% capex) 3
Lifetime 50 yr

Stirling SOFC CHP +DH
Capex (15 yr) € mil, 6.20E+08 8.70E+08 | 3.83E+08
Energy saving GJ | 1.10E+06 2.13E+06 5.10E+06
Capex €/GJ 563 409 75

82 Capital expenditures
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