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S UMMARY
Environmental issues related to the current energy system have made humans realize that the
current trajectory cannot be pursued forever. Fossil resources will become depleted and emissions
cause health related problems and damage to the natural environment. Many scientists and policy
makers seem to agree that issues of this magnitude can only be solved with a long and systematic
process of technological, economical, social and cultural change; an energy transition. Guided by
the transition management steering model the Dutch government identified 35 energy transition
pathways and created conditions for these system options to develop. The government tries to
steer reflexively based on market developments with the aim to eventually reach a sustainable
energy system. One of the pathways towards such a system makes use of residential combined
heat and power technology (micro-CHP). This research has emphasized on this particular pathway
and investigated options using different socio-technical configurations. It tried to identify
opportunities and barriers for market diffusion of Stirling engine, proton exchange membrane fuel
cell (PEMFC) and solid oxide fuel cell (SOFC) based micro-CHP systems among Dutch households
in the next 20 years. By using the multi-level perspective framework three different research
angels were positioned in one integrated system innovation analysis.
Emergence and Stabilization
Based on the Strategic Niche Management (SNM) framework the historical formation and current
status of Stirling engine, PEMFC and SOFC niches have been analyzed. The Stirling engine clearly
has the most developed niche consisting of a broad and dense actor network and numerous field
trials that tested a cumulative amount of about a thousand systems. But problems were also
revealed; initial expectations were too high, market diffusion is three years behind on schedule
and payback periods still seem slightly disappointing. Barriers that were identified included
installation difficulties related to a high weights, limited reliability, space requirements for heat
storage and complains about noise production. However, several improvements have been made
and if government subsidies or economies of scale can reduce the payback time to only a few
years, the expected commercial introduction of a new Stirling engine system in the fall of 2010
may still initiate a gradual take-off in the Netherlands. PEMFC and SOFC micro-CHP niches are still
much less developed; of both types only handful field trials in the Netherlands have been reported.
In Japan, Germany and the UK significantly more residential fuel cell systems are being tested at
the moment. Very high prices and especially its limited durability seem to form the main barriers
for fuel cell micro-CHPs. High electrical efficiencies, very low emissions, low noise production levels
and excellent part-load behavior form the main opportunities for fuel cell systems. The durability
of PEMFC systems seems in general slightly better than of SOFC systems, although expectations
are a little higher for SOFC given that a much simpler fuel reforming process is required and that
catalyst materials are less expensive.
Breakthrough
In order to find out which prime mover technology corresponds best with which Dutch household a
simulation model has been built. Based on external data from Ecofys and the Dutch ministry of
iv

Housing, Spatial Planning and the Environment eight referential household heat and electricity
demand patterns were assumed. Four situations resembled very standard households and the
other four represented quite extreme situations. Technological behavior of the micro-CHP was
based on manufacturer data of close-to-market systems but has been complemented with
assumptions when necessary. The results led to four key findings:
•

Micro-CHP will reduce CO2 emissions in virtually all situations but NPV pay-back periods
are larger than 10 years in all cases. The shortest payback time (11 years) is found for a
Stirling engine system in the scenario with an extremely high heat and electricity demand
(102 GJ, 6073 kWh). However, even with current government subsidies and feed-in tariff
regulations micro-CHP is not profitable from a consumer perspective at this moment.

•

For standard households consumption situations was learnt that costs savings are roughly
proportional to household size. For instance, Stirling systems constantly saved between
15-20%. Roughly this same ratio results in annual savings of approximately 275 euro for
a median row house whereas it would lead to savings of approximately 450 euro in a
median detached house.

•

In contrast to many other studies, the model showed that high electricity consumption
increases micro-CHP savings whereas previous studies mostly emphasized at heat
consumption as the key determinant in micro-CHP savings. This is a result of the
balancing regulations. The extreme situations with high heat/low power and low heat/low
power are thus less suitable for all considered micro-CHP variants.

•

Continuous operation seems the best operation strategy for high efficiency fuel cell
systems. On the one hand will continuous operation produce similar energy cost savings
and CO2 emission savings as heat-led operation whereas on the other hand continuous
operation will have a more attractive effect on the lifetime of the fuel cell stack. However,
advancement in fuel cell technology (e.g. development of more robust cells, quicker
ramping times) could change this picture in the future.

Replacement
In order to explore possible pathways where micro-CHP will replace conventional energy systems it
has been substantiated how well state-of-the-art micro-CHP systems fit in the three deployment
models by Sauter & Watson (2007). Their models “Plug & Play”, “Company Control” and
“Community Microgrid” were integrated with conclusions from the SNM and techno-economical
analyses. Of the three pathways the “Plug & Play” scenario is the most likely to occur between now
and 2030. It will start-off with the adoption of Stirling engine systems by households that have
large heat and large electricity demands. Depending on how well their costs are reduced and
reliability improves, fuel cells might replace the Stirling engine from 2015 or later. Long term coexistence of Stirling engine and fuel cell micro-CHP is not considered very likely; fuel cells can
potentially have similar prices but produce higher savings for roughly all household types and also
have some additional advantages. Thus, it seems not true that fuel cells will be relatively more
suitable for smaller households and relatively less suitable for larger houses than Stirling engines,
or vice versa. However, a hybrid form between for instance the “Plug & Play” and “Company
v

Control” pathways is considered possible. It could be that high cost prices will hamper further
market diffusion in the “Plug & Play” scenario after some initial pioneers have adopted the system.
Transferring to the company control pathway could then create an opportunity because this might
convince an early majority to adopt micro-CHP in their homes. Possibly this occurs as a second
transformation process that can simultaneously replace Stirling engine systems with fuel cells. It
is, however, uncertain what kind of organization (e.g. ESCO, DNO, energy producer) will be
responsible for controlling fleets of micro-CHPs. Furthermore, the strong technology push, lacking
consumer demand and a (too) ambitious market expectation level can still result in a disappointing
transition process. Open communication in the international actor networks and a comparison
between the environmental and economical attractiveness of the different pathways are therefore
recommended.
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1. INTRODUCTION
1.1 B ACKGROUND
There are wide ranging opinions on how humans need to deal with their energy use in the future.
Some say that resources are still abundant and climate issues are exaggerated while others say
that the environmental impact of energy production is one of the most pervasive and important
global challenges at the moment. Either way, many actors are already developing new
technologies for more efficient and clean energy production today.
Most efforts originate from the awareness that our current trajectory cannot be pursued forever.
An important reason is that many traditional energy systems cause pollution that can induce
health related problems and cause damage to the natural environment. The concerns about fossil
fuel power plants focus primarily on atmospheric emissions of carbon dioxide (CO2), sulfur dioxide
(SO2), nitrogen oxides (NOx) and particulate matter (PM). CO2 is often seen as the most important
greenhouse gas which is believed to cause the effect of excessive heat getting trapped in the
atmosphere. This effect, best known as global warming, is understood to cause great damage to
the environment (IPCC, 2007) 1 . The three other air pollutants that were just mentioned cause
more direct adverse health effects such as respiratory and cardiovascular diseases. The problems
created by particulate matter depend strongly on the particle’s size. Particles that are smaller than
10 microns, often referred to as PM10, are fine enough to penetrate deeply into the lungs and can
thereby cause the most severe health effects (Rubin, 2001). Energy production from fossil fuels
can be considered as one of the main sources of atmospheric PM (Mathijssen & Koelemijer, 2010).
Another important reason to engage in research and development activities to find new energy
production techniques is our dependency on fossil fuels. A clear argument is that fossil fuel
reserves are finite and if we retain current consumption levels it will take only a few decades
before our reserves will be depleted. In order to conserve a high security of energy supply it is
therefore desirable to make use of alternative energy while being as efficient as possible with the
fossil fuels that we still use. With increased efficiency we can delay effects of depletion while at the
same time produce fewer emissions. Moreover, most of the worlds’ reserves are located in only a
few countries. Our dependency on fossil fuels gives these countries disproportionate powers as
they can control the export. Since many of these countries are regarded as politically unstable this
great dependency is also undesirable from a political standpoint. Last but not least it is also
expected that an increasing use of alternative energy sources will help mitigating the decline in the
diversity of life on earth, commonly referred to as conserving biodiversity.

1
In January 2010 two mistakes were found in the IPCC fourth assessment report. This raised a great deal of criticism against
the panels’ conclusions. A recently carried out quality review demonstrated that despite these mistakes the main conclusions
are still valid. For more information see: “Evaluatie van een IPCC-klimaatrapport” by PBL (2010).
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1.1.1 T R A N S I T I ON

P OL I C Y

Environmental issues of this magnitude can only be solved with long and systematic processes of
technological, economical, social and cultural change (NMP 4, 2001). The process of reshaping the
energy system into a new configuration that works for a wide context is called energy transition.
Energy transition is not limited to introducing sustainable technologies and behavioral change but
reaches further to large-scale and systematic socio-economical and technological adoptions for
creating a sustainable energy regime (Faber & Ros, 2009). It is clear that the concept of energy
transition has been taking a more and more central place in governmental policy. From 2001,
Dutch energy policy was explicitly aimed to create conditions to make such a transition possible
(e.g. NMP 4, 2001; Ministry of Economic Affairs, 2005, 2008). The policy model that is used clearly
aims to achieve an energy transition, but is flexible on the pathway towards it. Hereby, can be
quickly anticipated on new learning and can be dealt with uncertainty and complexity. This
reflexive steering model is called transition management. Transition management is not about an
identifiable end-state, but multiple future scenarios are thinkable. In this way, pre-mature choices
are avoided and there can be reflexively steered towards sustainability based on market
developments. The Dutch government made this approach concrete by creating seven transition
themes (platforms), consisting of 35 transition pathways and supported the start-up of about one
hundred experiments (Kemp, Rotmans, & Loorbach, 2007). The transition theme named ‘new gas’
contains one pathway about “decentralized gas applications”. This pathway implicitly refers to
micro-CHP.

1.1.2 M I C R O ‐CHP
One of the options to reduce emissions and primary energy consumption is combined heat and
power (CHP) generation. With CHP, both electrical and thermal energy are efficiently produced
from natural gas, bio-gas or hydrogen near the point of use (Pehnt, 2006). In for instance the
horticulture sector, this form of distributed generation has already been used for many years.
However, a more innovative idea is to use CHP on a residential scale. Given the electricity profile
of most households a relatively small electrical output of 1-5 kW would be sufficient. CHP at a
residential level is defined as micro-CHP (sometimes also: micro-cogeneration, mCHP, μCHP, HRe).
For this report micro-CHP is defined as small scale energy conversion that can be
used to simultaneously produce heat and power with an electrical output of less
than five kW.
Since currently most of the Dutch households are connected to the natural gas network it is the
most obvious that micro-CHP will initially be fueled by natural gas. On a longer term it is possible
that natural gas will be partially or fully replaced by hydrogen or biogas.
The Sankey-diagrams in Figure 1-1 show the advantage of generating heat and power near the
point of use. Energy savings are caused by using both heat and electricity flows and by avoided
transmission losses. In the current situation, most households use electricity that is generated by
a relatively small number of central power plants and is delivered from the grid. Note that power
plants usually waste much energy since not all heat can be used on-site and is therefore
2

considered as a waste product. The electricity is transported from the power plant via high voltage
and subsequently lower voltage levels to the consumer. This transport process involves
transmission and transformation losses. For heating, households usually have individual boilers to
produce hot water and space heating. The heat is usually provided by combustion of natural gas
but sometimes also by electricity or by district heating systems. The energy flows in Figure 1-1
show that separated generation of heat and electricity involves more energy losses than combined
generation. Note that the efficiencies and losses are only illustrative and will vary depending on
the technologies and countries involved. However, only a small advantage could make a large
difference considered the vast cumulative energy demand of households. Dutch households
annually use about 424,3 PJ of primary energy which corresponds to ~32% of the natural gas use
~27% of the electricity (CBS, 2008).

F IGURE 1-1: P RINCIPLE OF SAVINGS BY MICRO -CHP (S OURCE : H AWKES , 2009)

Under the name of “HRe-ketel”, micro-CHP is now gradually entering the Dutch market. At the
time of writing (summer 2010), is estimated that about a thousand systems are operational.
Market diffusion is strongly supported by commercial actors with interests in gas supply or microCHP production. These actors projected to have 1.6 million operating micro-CHP systems by 2020
(Smart Power Foundation, 2006). They also expect that, as a result of economies of scale, from
2015 the market price will be low enough so that consumers will pay back their extra investments
within five years. As a result, from 2015 no government subsidy should be required anymore
(Smart Power Foundation, 2006; Platform nieuw gas, 2008). Currently, the Dutch government
provides a purchase subsidy of 4.000 euro’s per micro-CHP for at least the period from September
2009 until the end of 2011 to accelerate scale effects because of the thereby expected cost
reductions (SenterNovem, 2010).
The study will threat three micro-CHP types: Stirling engine, PEM- and SO- fuel cell systems. A
fourth alternative that is often mentioned as a potentially interesting technology for micro-CHP is
the gas or internal combustion engine (ICE) (Elzenga, Montfoort, & Ros, 2006). However, this
technology is excluded from this study because it has already been available for a longer time and
is considered to be the least attractive option because of a higher noise level, high NOx and CH4
emission levels, moderate efficiencies and high maintenance requirements.

3

1.1.3 S T I R L IN G

E N G IN E S

The two systems that are currently eligible for subsidy are both based on Stirling engines
(AgentschapNL, 2010). Stirling engines are mechanical conversion technologies that use a
separate combustion chamber to generate heat. This heat is transferred to a working gas that
moves a piston. The motion that is created is transformed to electricity via either a rotating or
linear generator. However, mechanical conversion technologies are related to high thermal-toelectricity ratio’s and seem therefore not always the best prime mover choice. A general trend is
that households will use more electricity in the future because of the increased use electronic
equipment but use less heat because of improved insulation. Especially in new buildings good
insulation drastically reduces the heat demand and therefore also the operation time together with
the advantage offered by micro-CHP (Elzenga, Montfoort, & Ros, 2006). A brief overview of Stirling
engine micro-CHP technology is provided in appendix A-1.

1.1.4 F U E L C E L L S
An alternative prime mover that increases the possibilities of micro-CHP is the fuel cell. A fuel cell
electrochemically converts fuel into heat and electricity at a much lower thermal-to-electricity
ratio. This implies that these systems still remain attractive when there are lower heat demands
presents, as for instance in summers. However, despite being invented more than 170 years ago,
and having much advantages that include quiet operation, no vibrations, low emissions and high
efficiency, the maturity of fuel cell technology for micro-CHP applications undisputedly lags behind
compared to the Stirling engine. Nevertheless, most of the literature agrees that fuel cells are the
most promising micro-CHP prime movers in the longer term although some more time will be
needed before they will be commercially available (e.g. Meijer & al., 2007; Faber, Valente,
Janssen, & Frenken, 2008). The two different types of fuel cells that are potentially interesting for
micro-CHP are PEMFC and SOFC. An overview about PEMFC micro-CHP is given in appendix A-2
and an overview of SOFC micro-CHP technology can be found in appendix A-3.

1.2 P ROBLEM D EFINITION
More insight in the micro-CHP pathway is highly important. For instance, a clearer picture would
help public agencies to determine whether government support for micro-CHP is legitimate. Based
on current learning can be assessed whether it is creating sufficient CO2 and primary energy
savings on a short term while being desirable from a long-term systemic perspective as well.
Network operators should also be informed on whether and, if so, what kind of micro-CHP “takeoff” is near. It will help them to assure that the security of energy supply is not jeopardized. An
oversimplification of regarding micro-CHP as a uniform black-box can be dangerous because fuel
cells and Stirling engines can have distinctive effects on current gas and electricity networks.
Therefore, this analysis has a clear focus on the role of the different prime movers. In the
literature, expectations about the application of the prime movers for micro-CHP are quite
heterogeneous: Some actors believe that Stirling systems will become the dominant micro-CHP
technology for the first years. Next, when fuel cell technology reaches a mature design stage, it is
believed that it will replace the Stirling engine. “In the first years micro-CHP will mainly be based
on mechanical techniques (such as for instance: “the Stirling engine, the internal combustion
engine, and the organic rankine cycle), in a later stage is expected that the fuel cell will be part of
4

the micro-CHP” (Platform nieuw gas, 2008). Other actors do not consider fuel cell and Stirling
engine micro-CHPs as direct competitors but expect that the technologies serve different segments
of the market. “The fuel cell is very suitable for new houses whereas Stirling engine based systems
are more suitable for existing houses” (E-mail from Peter Furth, Technical Manager Baxi BV,
2010). Again another perspective is found in a study that investigated the transition scenario
“micro-CHP and the virtual power plant” (Elzenga, Montfoort, & Ros, 2006). An expert that was
interviewed stated that there is a good possibility for the occurrence of a “lock-in” effect. Lock-in
can be defined as that an innovation that lies ahead (by chance) can increase its lead by dynamic
increasing returns and can win from other (superior) technologies (Arthur, 1989). According to the
expert, Stirling systems will dominate the market for at least the first 15 years.

1.3 R ESEARCH Q UESTION
The purpose of this research is to explore the relevance of these scenarios and the socio-technical
aspects that are related. To formalize this, the following research question has been defined:
What are the opportunities and barriers for market diffusion of Stirling engine,
proton exchange membrane fuel cell and solid oxide fuel cell based micro combined
heat and power systems among Dutch households in the next 20 years?
Since this research question is relatively broad it can better be divided into four sub questions:
•

What is the current status of micro-CHP in the Netherlands and how did this historically
form?

•

What opportunities and barriers can be derived from recent experimental projects with
Stirling engine, PEMFC and SOFC micro-CHP systems?

•

Which household energy consumption profiles will be the most suitable for which type of
prime mover technologies?

•

Which micro-CHP transition pathways are possible and which key variables will explain the
market diffusion process until 2030?

5
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2. CONCEPPTUAL FRAMEW
F
WORK & METHO
ODOLOG
GY
2.1 I NTRODUCT
N
TION
This stu
udy can be seen
s
as a transition stu
udy that explores how the micro-C
CHP pathway
y can be
walked in different speeds to different desttinations. On
ne way to walk down the pathway has
h
been
projecte
ed by a cons
sortium of manufacturer
m
s in 2006. They
T
publishe
ed their exp
pectation to have 1.6
million operating
o
miicro-CHPs by
y 2020 and 4.1
4 million by
b 2030 (Sm
mart Power F
Foundation, 2006).
2
It
is uncle
ear what sha
are of fuel cells system
ms they herreby expecte
ed. One cha
aracteristic that
t
was
clearly visible
v
in the
e projection is the spee
ed of market diffusion. In the innov
vation literature this
often re
eferred to as
a the rate of adoption
n. “It is deffined as the
e relative sp
peed with which
w
an
innovation is adopte
ed by memb
bers of a soc
cial system” (Rogers, 19
965). In this case the micro-CHP
ers is that the
t
innovation is perceived as a new idea,
is regarrded as the innovation (what matte
practice or object, although
a
it is unimporta
ant how new
w it technica
ally is). The adoption ra
ate of an
n to mostly follow an s-shaped curve
e (see projec
ction SPF: Figure 2-1). However,
H
innovation is known
ve. Some inn
novations ha
ave a steep curve and diffuse quick
kly while
there is a variation in this curv

micro-CHPs per year Æ

others have
h
a flatter slope and diffuse
d
slowe
er.

F IGURE 2--1: S- CURVE ACCORDING TO
T SPF (S OU
URCE : P LATFO
ORM NIEUW G
GAS , 2008)

The other characterristic that wa
as made cle
ear in the SP
PF’s projectio
on is its targ
get. That is reaching
mbers of the social syste
em. In this case the social system means all h
households that
t
now
all mem
use centtrally produc
ced electricitty and gas boilers
b
in the
e Netherland
ds. The Sma
art Power Foundation
estimate
ed the size of
o the relevant social sys
stem on 4.1 million hous
seholds.

2.2 E VOLUTION
V
NARY

APPR
ROACH

The evo
olutionary ap
pproach uses
s the analog
gy of evolution to understand the prrocess of tec
chnology
diffusion
n. The general idea is that selection
n environme
ents (e.g. markets,
m
cons
sumers, professional
judgmen
nts) drive a process of variation
v
and
d retention of technolog
gies in a soc
cial system. Different
technolo
ogies will be
e developed over time but the sele
ection enviro
onment will only let the
e ‘fittest’
survive whereas the
e ‘less fit’ willl distinct. Be
ecause evolu
ution happen
ns over time
e this approa
ach has a
dynamic
c nature and
d embraces time as an important variable.
v
It confirms
c
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concept of technological regimes that create a boundery and trajectory for incremental
innovations. They argued that only “radical innovation has the potential to change beliefs systems
about what is feasible or at least worth attempting”. Dosi (1982) defined the set of shared routines
(or “normal problem solving activity”) as technological paradigms and the process of selection of
new technological paradigms as technological trajectories. Tushman & Anderson (1986) presented
technological discontinuities that can either be competence enhanching or destroying. However,
extra dimensions to the framework for understanding transitions were given by Rip & Kemp (1998)
and Geels (2002, 2004). They extended the concept of technological regimes to socio-technical
regimes where other disciplines are assumed to contribute to the perceived resistance as well.
Examples of these stabilization processes in socio-technical regimes include adapted lifestyles of
people, fixed institutional arrangements, formal regulations and accompanying infrastructures that
are difficult to change.

2.3 S OCIO ‐ TECHNICAL

TRANSITIONS

Thus, if a socio-technical regime is not functioning optimally and needs to change in multiple
dimensions to better fulfill societal needs this is conceptualized as a socio-technical transition. This
reconfiguration process is labeled ‘socio-technical’ “because it not only entails new technologies,
but also change in markets, user practices, policy and cultural meanings” (Geels F. , 2010). For
the micro-CHP case, the relevant socio-technical regime that is believed to function less optimally
than before is the energy regime. Environmental concerns have destabilized the traditional energy
regime because its’ negative side-effects are causing more and more problems. A wide-spread
adoption of micro-CHP would lead to a system change since it introduces changes that stretch
further than technology alone. It would for instance also involve changes in regulations, consumer
behavior and technical infrastructure (Brown, Hendry, & Harborne, 2007).

2.4 M ULTI ‐ LEVEL

PERSPECTIVE

A powerful tool that can analyze transitions, identify how micro-CHP variants developed as a
market niches and what dynamics are involved is the multi-level perspective (MLP) by Geels
(2002). The macro-level in the MLP is formed by a so-called socio-technical landscape. This refers
to “a set of deeper structural trends and changes” (Geels, 2002). Changes in a socio-technical
landscape are slow and are often caused by large negative side-effects as for instance natural
disasters, climate changes or oil crises. The landscape has been changing slowly during the last
decades and is now causing a gradually destabilizing energy regime. This meso-level of the MLP,
the socio-technical regime, was introduced in the previous paragraph. This level is characterized
by fairly stable processes that occur in the distinctive areas of science, market, policy, culture and
technology. Regime actors operate along formal, normative and cognitive rules that form the
skeleton of the regime. Stable regimes are characterized by fixed rules and allow very few
possibilities for radical innovations. Radical innovations that do affect these socio-technical regimes
every now and then often emerge from market niches (Raven, 2004). The layer of niches can be
regarded as the micro level in the MLP. Niches are characterized by little stability and high
uncertainty. Because of these properties, niches can operate outside the rules and produce radical
innovation. They are less dependent on the stable regime mindset where innovation generally also
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takes place, but rather in one, incremental, direction. The three layers (landscape, regime and
niche), are in real life related as a “nested hierarchy” (Geels F. , 2005).
An important strength of the multi-level perspective is that it can position and integrate different
types of more in-depth analyses with the different phases in the trajectory of an innovation
(graphically presented Figure 2-2). Geels (2005) distincts four phases in system innovation: (1)
the emergence of an innovation, (2) stabilization of an innovation, (3) breakthrough (4) gradual
replacement of the established regime. He thereby marks that “sociological and socio-technical
processes are more important in the first two processes whereas economic competion plays a
more important role in the last two phases” (see also: Figure 2-2). Since micro-CHP is considered
to approach a breaktrough is the Netherlands (Elings, Bos, & Terwel, 2010), it can be specified
that it is currently in second phase. In correspondence to the quotation of Geels, this innovation
study will analyze the progress that was made in the emergence and stabilization of micro-CHP
until 2010 on the basis of a sociological tool, and explore further diffusion scenarios from a technoeconomical perspective. It is expected that these two frameworks will complement each other and
provide the most significant insights. The frameworks that are used for these elaborations will be
discussed in the next two paragraphs.

F IGURE 2-2: I NTEGRATION OF DIFFERENT FRAMEWORKS IN THE MULTI - LEVEL PERSPECTIVE ( ADOPTED
FROM :

G EELS F. , 2005)

2.4.1 E M E R G E N C E

A N D S T AB I L I Z A T I O N :

STRATEGIC

N I C H E M AN A G E M E N T

As was explained, niches can serve as ‘protected spaces’ for experimenting new technologies and
decrease uncertainties. These uncertainties can be considered as a major blocking mechanism of
transitions and a reduction of uncertainties therefore increases the chances for new technologies
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(Kemp, Schot, & Hoogma, 1998). Niches allow for experimentation with co-evolution of
technology, user practices, and regulatory structures so that social networks including firms,
users, policy makers, NGO’s and other social groups can learn about the feasibility and desirability
of novel socio-technical configurations. In principle, strategic niche management (SNM) assumes
that sustainable innovation journeys can be facilitated by modulation of technological niches (Geels
& Schot, 2008). The SNM analysis will address how expectations, networking, learning and nicheregime interactions evolved over a longer periods of time and across multiple experiments with the
aim to make comments about micro-CHP as a transition pathway. The information that was
collected for the analysis was derived from project plans, evaluation reports and interviews with
actors that were involved in experimental project with micro-CHP. Interviews were carried out with
the stakeholders that are listed in Table 2-1:
T ABLE 2-1: I NTERVIEWED STAKEHOLDERS

Name

Organization

Mr. Hans Overdiep

GasTerra

Mr. Frank Obernitz

Ceramic fuel cells

Mr. Klaas Bos

Kema

Mr. Martijn Bongaerts2

Alliander

Mr. Pieter Siekman

Liandon

2.4.2 D I F F U S I O N :

COST‐BENEFIT APPROACH

For further diffusion of micro-CHP, techno-economic performance from a consumer perspective is
extremely important (Schneider, 2006; Feenstra, 2008). Since the frame that has been formed
during the previous two phases of the micro-CHP trajectory now becomes more stable, economic
calculations becomes more reliable. Some design elements become fixed and allow more
representative simulations that forecast economic performance. The techno-economical tool that is
used is the cost-benefit analysis. It is often used by engineers and based on making calculations,
assumptions and projections, and consumer rationality. A dataset resulting from the so-called
Woon 2009 survey (more information in paragraph 4.3) provided information about energy
consumption of Dutch households and the so-called Ecofys profiles (more information in paragraph
4.4) provided input about their load profiles. Other input variables such as technical system
specifications, energy prices, etc. were mainly provided by industrial actors but were occasionally
complemented with insights from the literature. With using (measurement) data and limiting the
influence of the assumptions where possible, validity can be increased. A drawback is that the
method is somewhat limited in explaining market diffusion because material preferences of the
consumer are considered to be fixed and given, which is an oversimplification. However, since
techno-economic performance remains a crucial condition for market diffusion, and a cost-benefit
analysis is about the only tool that can be used to make predictions about this, this tool is selected
as the most welcome enhancement to the SNM-analysis. The result of this cost-benefit analysis is
2

This interview was carried out before Mr. Bongaerts became involved as thesis supervisor.
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however aimed to be indicative and will only provide an initial assessment of the economic
performance of different technologies.

2.4.3 R E P L A C E M E N T (?): O UT L O O K
In order to make projections about successful replacement in the future, the final analysis zooms
in on the dynamic socio-technical environment. It summarizes external projections about the
socio-technical transitions based on micro-generation and identifies the most important micro-CHP
determinants. The determinants are selected from the SNM analysis and techno-economical
analysis and are qualitatively disputed. The outlook is complemented with sensitivity cases that
indicate what the influence of dynamic energy prices and investment costs would be.
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3. SNM ANALYSIS
3.1 I NTRODUCTION
Strategic niche management (SNM) recognizes the role of experiments in sustainable innovation.
The starting point of SNM is based on the assumption that sustainable innovation journeys can be
facilitated by modulating technological niches. Thus, how do firms and governments create a
protected environment where new technologies can develop that do not (yet) fit in the existing
regime? Since SNM is particularly useful as an ex-post analytical framework, this chapter should
rather be seen reflectively than prescriptively (Geels & Schot, 2008). In this chapter is first
emphasized on SNM as a policy tool. Next, the three technological micro-CHP niches are analyzed
in paragraphs 3.3, 3.4 and 3.5 and finally in paragraph 3.6 the most important observations from
this analysis are summarized.

3.2 S TRATEGIC N ICHE M ANAGEMENT
The SNM framework prescribes that the performance of niches as building blocks towards
sustainable development is dependent on to what extent they were built appropriately. This notion
raises two questions:
1. How can we define a niche?
2. When is a niche constructed appropriately?
These issues will be explained in the two following subparagraphs.

3.2.1 N I C H E

D E F IN I T I ON

A niche can be defined as a suitable or comfortable place where a new market or technology can
develop. By this analogy two types of niches can be distinct: technological niches and market
niches. It is believed that a technological niche can grow out to a market niche and sometimes
even lead to a socio-technical regime shift. This process is graphically represented in Figure 3-1.

F IGURE 3-1: T ECHNOLOGICAL AND MARKET NICHES LEADING TO REGIME SHIFT
( ADOPTED FROM : W EBER ET AL ., 1999)
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A market niche can be understood as a distinct application domain where technological actors can
sell their products in an earlier stage than on a regular market. Examples often include military,
space or maritime applications but market niches can occur in nearly any application domain
where unfulfilled needs exist that can be solved by a new technology.
This notion about market niches that was created by Levinthal (1998) is, however, inconsistent
with the niche that SNM scholars use. Levinthal argues that the market itself consists of multiple
niches (i.e. market niches) whereas SNM scholars assume a more homegeos market and consider
niches as places outside this selection environment and call them technolgical niches (Schot &
Geels, 2008). A technological niche can be defined as:
“a protected environment where a new, commercially unattractive technology can
develop into a commercially attractive technology for at least a specific application
domain”
Note that the latter part of this definition, “a specific application domain”, is describing a market
niche. Since a “protected environment” is also still somewhat ambigous the following definition by
Raven (2005) gives more insights:
Raven (2005): “a technolgical niche is a loosely defined set of formal and informal
rules for new technological practice, explored in societal experiments and protected
by a relative small network of industries, users, researchers, policy makers and
other involved actors”
Niche protection is created by subsidies or strategic firm investments and has the function to
prevent rejection of the innovation because of an unforgiving character of the selection
environment (Raven, 2006). Technological development in niches is believed to be especially
necessary for sustainable innovations. These technologies could often offer societal benefits
because they are desirable from an environmental standpoint but for individuals the technology is
often not immediately profitable.

3.2.2 N I C H E

C ON S T R U C T I O N

It is assumed that in an appropriately constructed niche experimental projects have more success.
Schot, Slob, & Hoogma (1996) observed three elements that are important for understanding the
direction and outcome of niche development: voicing and shaping of expectations, network
formation, and learning.
Expectations and visions
Expectations and visions are considered crucial for niche development because they provide
direction to learning processes; they attract attention and legitimate (continuing) protection and
nurturing. Usually they are settled and arranged in a project plan but often there also exist lower
levels of expectations where individual actors have their own, diverging, expectations.
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Social network building
The process of social network building is important to create support for a new technology. It can
facilitate efficient and effective interactions between relevant stakeholders, and provide the
necessary resources (money, people, expertise). Important network characteristics are that it is
broad and deep. Broadness indicates the involvement of heterogeneous actors and deepness
means that actors should be able to mobilize commitment and resources. Key interest generally
also goes out to the involvement of regime outsiders. Outsiders do not share the existing regime
rules and may therefore trigger (radical) technical change that transforms current technological
regimes (van de Poel I. , 2000).
Learning processes at multiple dimensions
Learning between technological experiments is crucial since it will develop more insights on
desirability and feasibility of the technology. Two types of learning processes are discerned: first
order learning and second order learning. First order learning processes are directed at the
accumulation of facts and data while second order learning occurs when it stimulates changes in
cognitive frames and assumptions (Schot & Geels, 2008).

3.2.3 M I C R O ‐CHP

NICHES

In the next chapters the three different technological micro-CHP niches will be analyzed on the
basis of this framework. Stirling engine, PEMFC and SOFC micro-CHP systems are all technological
niches since no commercial introduction has taken place yet3. All systems that are currently in use
are ‘protected’ by government subsidies and are therefore not (yet) competitive in the selection
environment. In each analysis is started with a description of the historical context and is
subsequently emphasized on the experimental projects and the formation of the three indentified
niche construction elements: expectations, social networks and learning processes.

3.3 I NTERNAL

NICHE DEVELOPMENT :

3.3.1 H I S T O R I C A L

S TIRLING

ENGINE MICRO ‐CHP

C ON T E XT

The Stirling engine was invented in 1816 by dr. Robert Stirling. The Scottish clergyman noticed
many accidents happening with steam engines in his environment and decided to pursue a safer
engine design. He invented the engine that we now call ‘Stirling engine’ which offered many
advantages compared to steam engines because it was simple and safe to operate, had low noise
production and was very fuel flexible. Stirling engines grew popular at the time but they were later
defeated by the rapidly developing internal combustion engine and electric motor (Kongtragool &
Wongwises, 2003).
A revival of the Stirling engine began around 1937 when the Stirling engine was brought to a high
state of technological development by the Philips Research Laboratory in Eindhoven in the
Netherlands. The Stirling Engine was moved up the agenda by dr. Frits Philips who had high
expectations of the engine. Dr. Rolf Meijer, who worked for Philips Research Laboratories in
Eindhoven, was the first to use the generic name of ‘Stirling engine’ to classify the closed

3
An exemption is the Whispergen Stirling engine system that found a market niche as micro combined heat and power
generator on boats.

15

regenerative thermodynamic cycle engine (Walker, Fauvel, & Reader, 1989). The anticipated
purpose for the Stirling engine was to quietly produce electricity for off-grid radios. This should
have increased the market for Philips radios in Africa and Asia and although the engineers
managed to make a proper design, it eventually appeared that not enough demand was present
for creating a successful business activity (Knip, 1991).
“Andrews and Everett were in 1987 the first to suggest that it might be possible for individual
houses to have their own combined heat and power (CHP) plant, based on Stirling engines”
(Pearce, Al Zahawi, Auckland, & Starr, 1996). They analyzed a demand profile of 40 households
and concluded that 1 kW would be the optimal output for domestic cogeneration. Because of a
high total efficiency, fuel flexibility, low noise production and low emission level, interest in the
Stirling engine as prime move for micro-CHP increased. Northern Europe and North-America were
seen as the most important markets for Stirling engine micro-CHP. These locations accommodate
many houses with gas central heating and have relatively long heating season. The opportunities
of Stirling engine micro-CHP were picked up by two types of industrial actors: newly established
Stirling engine manufacturers and micro-CHP system integrators which usually are boiler
manufacturers.
The geographical dispersion of Stirling engine manufactures that focus on micro-CHP applications
shows that especially Germany, Britain and the Netherlands accommodate active developers of
Stirling Engine micro-CHP systems. An exemption is developer WhisperTech from New Zealand. It
produces a four-cylinder Alpha-type Stirling engine and self-integrates the engine in a complete
micro-CHP system. In northern Europe businesses generally seemed to focus on either engine
development or system integration. A number of Stirling engine developers for micro-CHP
applications are present. Enatac from the Netherlands builds further on the U.S. Infinia engine.
Stirling Systems from Switzerland recently acquired the rights and patents of the previously known
SOLO engine from Germany. There is the Microgen Engine Corporation (MEC) engine, which is
being developed by a consortium of Baxi Group and other players in the European heating market
(Baxi Group, 2007). Recently, the Dutch group Exerion has taken over MEC after it had been for
sale for about two years (Overdiep, 2010). Remeha and Baxi are the first European manufacturers
who will produce Stirling engine micro-CHPs in series. The MEC engine itself is produced in
China. Other micro-CHP Stirling engines are built by Mayer & Cie and Sunmachine from Germany.
The British company Disenco produces an engine that is a slightly larger (3 kWe) but is also still
applicable for micro-CHP. In general, it can be noted that nearly all Stirling engine producers are
located in northern Europe whereas was indicated that in North-America also has many households
have gas central heating. A possible explanation is that in U.S. and Canada markets are more
challenging because predominant heat distribution systems are based on forced air instead of
water. Since furnaces are cheaper than boilers, and there is a need to install a water based heat
distribution system, high costs and complexity form important barriers for installing micro-CHP
systems in North-America (Slowe, 2006).
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3.3.2 E X P E C T A T IO N

D Y N A M IC S

Since about 1995 interest in Stirling engine micro-CHP has grown in the Netherlands. Numerous
experiments have been carried out and are still in progress right now. At the time of writing
(summer 2010) about a thousand Stirling engine micro-CHP systems have been installed in the
Netherlands. Probably all installations were part of field trials. The Stirling engine micro-CHP niche
was analyzed based on three large trials. Two of them have already been ended and one is still in
progress. An oversight is created in Table 3-1:
T ABLE 3-1: S ELECTED D UTCH S TIRLING E NGINE MICRO -CHP PROJECTS

Period

Project

Actors

2004-2007

First field trial (50 units)

GasTerra, Cogas, Delta,
Essent, Eneco, NRE, Nuon,
Rendo, RWE, Westland,
Stichting Natuur & Milieu

2006-2010

Paddock trials 1 & 2 (68 units)

Alliander, Kiwa Gastec,
GasTerra, Eneco, Essent

Smart Power City Apeldoorn (170 units)

Alliander, GasTerra,
Gemeente Apeldoorn, Housing
corporation ‘Woningcorporatie
de Woonmensen/Ons Huis’,
Nuon, Remeha

2009-2011

Mr. Brinkhorst, a former Dutch minister of Economic Affairs entitled the Stirling engine micro-CHP
as “a magic boiler” (Volkskrant, 2004). This description resembled the initial expectations of many
stakeholders well; they were high. The first large field experiment with Stirling engine micro-CHPs
was the “first field trial with 50 Whispergen micro-CHPs” that was directed by gas company
GasTerra. The project started in 2004 and expected to demonstrate that “micro-CHP works and is
ready to be applied”. This implied that the initiating working group expected that on the one hand
micro-CHPs would create savings in energy costs, would be able to provide enough heat for central
heating and hot water4 while on the other hand also cause ‘some’ loss of comfort because of lower
heating thermal output and the resulting longer heating-up times (Koopman et al., 2007;
Siekman, 2008). However, since it was acknowledged that the used system was in a precommercial stage some revealed problems were considered to be related to immaturity of the
system. The aims of this experiment were defined broadly and ranged from identifying consumer
satisfaction to installation issues, societal and policy issues. Despite that most of the participants
were satisfied expectations were nuanced; some serious design issues had to be solved before
micro-CHP would be really ready to be applied. Energy savings were slightly disappointing and
comfort levels were proven to be behind conventional systems. However, many of these problems
were addressed to technical immaturity and developments continued. Two later projects that were
carried out from 2006 to 2010 were very much aimed at one dimension: technical learning for grid
integration. The Paddock trial projects aimed almost exclusively at technical learning about system
behavior. It consisted of trial experiments with both an Alpha and a Beta Stirling engine micro-CHP
4

The thermal output of the system was 6-7 kW which made it unsuitable for households with a high heating demand. It was
therefore only installed with household with a gas use of <1.600 mn3/year that had a gas boiler as back-up heat producer.
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type (more information about Stirling engine types can be found in Appendix B-1). The trials were
held at a test-side where 68 micro-CHPs of the two distinct designs (50 alpha engine, 18 beta
engine) were connected and simulated operation in a typical Dutch neighborhood (Vinex wijk).
With the trials was expected to measure and determine all interactions between Stirling engine
micro-CHP systems and the electricity grid. A third large project started in Apeldoorn from
February 2009. GasTerra had bought 550 beta-type Stirling engine micro-CHPs to give the microCHP industry an impulse and had given them away to their customers: the energy companies.
Most of the systems were installed in homes of employees but NUON used their 170 Stirling engine
micro-CHPs for the Apeldoorn project and installed them in one neighborhood behind one MV/LV
transformer. It was expected that the technical feasibility and electricity network compatibility
would be confirmed. The project builds further on the paddock trials where similar situations were
investigated in a laboratory environment. The Apeldoorn project diverges from the paddock trial
because it involves real consumers. It is expected that this experiment provides more knowledge
about the real-life performance of the Stirling engine micro-CHP and can therefore also test new
net-design criteria.

3.3.3 S O C I A L

NETWORK

The “first field trial with 50 Whispergen micro-CHPs” was initiated by a working group that was
direct by GasTerra. GasTerra is a gas company that is a strong promoter of micro-CHP in
Netherlands. Because micro-CHP will secure or even increase the future need for natural gas
similar promoting activities by gas companies are perceived in other countries as well (e.g. in
Japan: Aki, 2007; in Britain: Harrison, 2006 etc.). The project was carried out in participation with
nearly all Dutch energy companies, Stichting Natuur & Milieu (Nature & Environment foundation)
and Cogen Projects as a subcontractor. Cogen is a branch organization that has the purpose of
continuing and increasing the application of CHP in the Netherlands. In the field trial it was
deliberately chosen to keep unrelated people out at much as possible. This was done as a form of
protection of the niche. “If outsiders would be involved, this would create a risk that dissatisfaction
gets publicity in an undesired way, for the same reason celebrities were also excluded from the
project” (Koopman, Alberts, Gastel, & M., 2007). The households where the micro-CHPs were
trialed were of employees of the participating parties. The second experiment, the paddock trial,
was carried out by DNO Continuon (Alliander), Eneco, Essent (both energy retailers) and GasTerra
at a test side location of Gastec in Apeldoorn. The micro-CHPs were provided by GasTerra. The
third trial, the Apeldoorn project, is steered by actors from the Province Gelderland, Alliander,
Nuon, a housing agency, micro-CHP producer Remeha and the municipality of Apeldoorn. Again
the micro-CHPs were provided by GasTerra. Integration activities for potential users of micro-CHP,
such as instructing and giving support to housing agencies, has since recently been started on a
wider scale (Elings, Bos, & Terwel, 2010). Outsider involvement seems good since the Stirling
engine manufacturers MEC and Whispergen are both not part of the existing energy regime but
were involved in all test projects.

3.3.4 L E A R N I N G

PROCESSES

Despite some successes, learning processes took longer than was expected. In the very beginning
was learnt that generally the most optimal electrical output for households is 1 kW and that heatled operation is the most optimal operation strategy for Stirling micro-CHPs. It was also learned
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that the alpha-type system that was tested was not the most optimal design for the Dutch market.
The first field trial in the Netherlands was delayed by some barriers that were revealed. The precommercial system that was used did not have an auxiliary burner and could therefore only
provide a limited amount of heat. This caused some problems because houses with lower heat
requirements are generally smaller and have less space available for a complete micro-CHP
installation including a large hot water storage unit. Eventually a concession was made and the
units became also installed in larger houses where a standard boiler provided in the surplus heat
demand (Koopman et al., 2007). Another learning point from the test was that micro-CHP noise
production caused discomfort. The paddock trials resulted in various learning processes that are
useful for system design and embedding micro-CHP in the electricity grid. It showed that the alpha
as well as beta engines with rotating and linear generator designs can be attached to a standard
16A connection without any significant problems. It was also indicated that many start/stops
decrease overall performance and should therefore be avoided as much as possible. The final
outcome of the trials was that, despite a number of small improvement points were indicated, grid
integration formed no barrier for the current 1 kW Stirling micro-CHP systems. Another outcome
from the test was that island operation was possible, i.e., when a black-out occurs micro-CHP
systems can still produce electricity. This resulted in some safety recommendations about
problems that can occur when an isolated area is assumed to have no voltage when for instance
cables need to be repaired (Paddock trial reports, 2006; 2008). Another aspect that evolved across
the experiments was its design. Whereas the first micro-CHPs were mostly standing models, the
later models started to look more like the conventional boilers that are hanging models. This,
together with a similar size as a condensing boiler seemed to enhance consumer acceptance.
Another repeatedly heard barrier for consumers is of a more symbolic meaning: the micro-CHP is
still a system that consumes a fossil fuel (natural gas) and is thereby by definition not sustainable.
Consumers regularly lose interest when they hear that micro-CHP works on a fossil fuel.
In general, learning processes took place in many dimensions, which is good. Experiences with
field trials learnt that micro-CHP systems are not yet sufficiently user friendly because of large
weight, noise level and reliability (Elings, Bos, & Terwel, 2010). In addition, it was learnt that to be
commercially attractive for house owners the extra investments in micro-CHP should have a payback period of about five years. It was observed that such payback times are still out of reach and
can only be met with creating large economies of scale. Learning processes with experimental
trials thus resulted in improvements on many fields such as techno-economical aspects, user
preferences, cultural meanings, tariffs, subsidies and safety regulations. A few first-order learning
points resulting from internal niche experimental projects that were analyzed are:
+

No significant problems can be expected when it is connected to the low-voltage grid

+

Energy cost and emission savings can be created

-

Up-front investment prices are still too high, consumers find the payback time is too long

-

Noise production can be perceived as disturbing

-

Large weight creates difficulties for installing micro-CHPs in regular houses
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The extent to which changes in cognitive frames and assumptions have taken place is probably
lower. Lobbyists announced the Stirling engine micro-CHP as the designated replacer of the
condensing boiler many years ago. It appears that a lengthy development process caused that
only a few stakeholders still have this vision today. After some negative learning (especially about
disappointing price levels) expectations have dropped. Nevertheless, some consensus exists
among the interviewed stakeholders about that Stirling engine micro-CHP technology has clearly
made much improvement during the last decade and will become a viable product for at least
some market niche.

3.4 I NTERNAL

NICHE DEVELOPMENT :

3.4.1 H I S T O R I C A L

PEMFC

MICRO ‐CHP

C ON T E XT

The PEMFC was invented in 1955 by William Grubb who worked for General Electric (Grubb, 1959).
Despite still having some degradation issues, GE successfully developed the technology so that it
worked as a power plant in NASA’s Gemini program in the early 1960s (Perry & Fuller, 2002). After
the program, the potential of the PEMFC seemed forgotten for some time until the California
Environmental Legislation and the U.S. Partnership for a New Generation of Vehicles program
(PNGV) stimulated a worldwide renaissance in 1993. The Canadian firm Ballard quickly rose as a
leader in PEMFC technology and started to experiment with hydrogen buses. This revival focused
on the transport industry but the increasing interest also gave birth to R&D programs in other
industries such as the portable power and the power generation industry (Costamagna &
Supramaniam, 2001).
One new field of application was micro-CHP. Generally, PEM fuel cell manufacturers used to focus
on transport applications but they broadened their program to stationary power generation. In
many cases they started to cooperate with boiler manufactures. In Germany, boiler manufacturer
Vaillant established a partnership with PlugPower (U.S.) to develop an integrated PEMFC microCHP system. PlugPower, a manufacturer of cells and stacks, also developed an integrated system
by itself. Viessman, also a boiler manufacturer from Germany, is developing a PEMFC micro-CHP
with an output of 2 kWe and aims to not make use of gas or air compression components.
Viessman is cooperating with ZSM Ulm, Südchemie and OMG for developing the stack and with
Siemens HVAC to design the control mechanism (FuelCellToday, 2010). In the U.K. Baxi is
collaborating with Ballard to further develop the PEMFC based on earlier work of European Fuel
Cells (EFC). The output of the system will most likely be 1 or 2 kWe. Hyteon, from Canada is
developing units with a lower output of 0,5 kWe. However, all mentioned systems are still in precommercial phase and therefore accommodate in a (still) relatively unstable technological niche.
So far, the only country where the PEMFC micro-CHP niche is approaching a market niche is Japan.
Over 5.200 residential PEMFC systems have already been sold (Delta Energy & Environment,
2010). The government has a strong focus on fuel cells and accelerated the development with
subsidies. Also, gas and oil companies increase their businesses by purchasing PEMFC systems
from manufacturers from Ebara Ballard, Toyota, Toshiba, Eneos and Panasonic and supplying them
to consumers. All systems from these manufacturers have an output of 1 kWe with the exception
of Eneos which produces 0,75 kW. Government subsidy covers about half of the extra costs and it
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is reported that some gas and oil companies pay the remaining difference to the consumer (Aki,
2007).

3.4.2 E X P E C T A T IO N

D Y N A M IC S

Since the early 1980s the Molten Carbonate Fuel Cell (MCFC) had been the focus of fuel cell
research in the Netherlands but when the visions about applications shifted from stationary power
production to transport this project failed (Verbong, Geels, & Raven, 2008). Interest for PEM fuel
cells emerged because low operating temperatures, short start-ups and high current density made
this type much more attractive for mobile applications. In the Netherlands, Energy research centre
ECN started to work with PEMFC technology in 1991. It bought a 3 kWe stack to perform
experiments with and aimed to design a car that is powered by a PEM fuel cell. ECN tried to
improve the PEMFC technology and searched for new materials. Also, ECN received an order from
Volkswagen to develop a PEMFC drive train system and much attention was paid to the reforming
process. A spin-off from AKZO formed a company called NedStack that focused its business on
further developing PEMFC stacks. NedStack was several years active in a partnership with Plug
Power Holland, Exendis and ECN to develop micro-scale micro-CHP but decided to redirect its focus
to automotive applications. Recently, HyGear took over Plug Power Holland which was originally
based on the research division of Dutch natural gas technology developer Gastec. In the beginning
this company trialed with low temperature PEMFC systems but it was demonstrated that these
were not successful. Plug Power had been demonstrating about 1000 systems worldwide and
concluded that because of the complexity of the reformer and low tolerance for poisoning of the
stack this was not a feasible design for residential CHP. They chose to shift their focus to high
temperature PEM fuel cells. HyGear has high expectations of the high temperature PEMFCs
because they are less dependent on the purity of fuel and can transform natural gas into hydrogen
inside or just outside the system. HyGear expects that the high temperature PEMFC micro-CHP
concept is feasible but before it starts a field trial at dozen households it first starts a test with five
systems from which three systems are placed outdoors.

3.4.3 S O C I A L

NETWORK

When ECN started with developing PEMFC technology in 1991 the R&D projects were exclusively
by funded by the government (Economic Affairs, NOVEM). However, a few years later the network
expanded with commercial parties such as Volkswagen and DSM. DSM discovered a porous foil
Sulopor which could be as matrix for electrolyte in PEMFCs. The government ordered ECN to test
the foil and the results raised enthusiasm at fuel cell developer Ballard (Van der Hoeven, 2001).
Akzo Nobel also became involved because, among other things, NOVEM indicated that corporate
knowledge about polymers could be used for the production of PEMFCs. The number of actors that
have been engaging in fuel cell micro-CHP projects is clearly lower than the number that engaged
in Stirling engine micro-CHP. Also the number of units that were involved in trials is notably lower.
The four projects that were used for this niche analysis are summarized in Table 3-2.
The network in the first project consisted of the newly established company NedStack (who was
responsible for the concept, reformer and stack), Exendis (who developed the inverter), GasTerra
(for contacts with the market), ECN (for knowledge support during the research) and Nefit-Fasto
(for knowledge input about thermal systems and development of the auxiliary burner). The trial
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was subsidized by the EET5 program of NOVEM (SenterNovem, 2005). However, unfortunately only
limited information was available about this project and it therefore remains unclear how many
systems were tested.
T ABLE 3-2: S ELECTED D UTCH PEMFC MICRO -CHP PROJECTS
Period

Project

Actors

1999-2003

Micro CHP systems on the basis of Solid
Polymer Fuel Cell technology

NedStack, Exendis, GasUnie,
ECN, Nefit-Fasto

2002

ECN self-built (1 unit)

ECN, Ballard

2009

Power matching city (2 units)

KEMA, ECN, Essent, Humiq,
European Union, Municipality
of Groningen

2010

Demo HOTPEM (5 units)

NedStack, HyGear, Exendis,
Orson, Alliander

In 2002 ECN also performed tests with a self-built stack with a FP-3 HotSpot reformer supplied by
Johnson Matthey PLC. (Van der Oosterkamp & Van der Laag, 2003). Later projects in 2009 and
2010 show that more or less the same actors are active in recent projects. Kema had taken over
the research division from GasUnie which is one of the few Dutch actors that is active in applied
fuel cell research. Although, some new parties became involved with Dutch PEMFC micro-CHP
projects: BASF, Alliander and Orson. This can be seen as broadening the network since these
actors have distinct, heterogeneous business activities. These parties are respectively a chemical
concern, electricity network operator and software developer. A more separate social network
exists around the Power matching city network. Besides ECN, none of these actors is involved in
other mentioned projects. This is probably caused by the fact that power matching city is more
aimed to experiment with the integrated concept of a smart grid than on the role of distributed
generation alone. Similar to the networks where Stirling engine systems were tested, the
specialized technology developers (NedStack, Ballard, Exendis, ECN, Hygear) are all regime
outsiders.

3.4.4 L E A R N I N G
Since only a few small projects with PEMFC micro-CHP have been carried out in the Netherlands,
learning outcomes are not as extensive as for Stirling engine systems. One learning outcome from
the first project was clear. Low temperatures decrease the potential for heat recovery and high
temperature PEMFC is therefore considered to be more attractive for micro-CHP. Another learning
point that was mentioned during one of the interviews was that the PEMFC is very sensitive. A test
system was strongly damaged because some detergent that was sucked into the system.
However, it was later found out that a properly installed air filter as well as the use of milder
detergent could have avoided the problems. Some first order learning points include:
+

Catalysist require less platinum than was expected

5
EET (Economy, Ecology and Technology) was a subsidy program by NOVEM that focused on supporting ambitious long-term
projects that can lead to environmental and economical results within 5 to 20 years.
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+

Technically feasible to build small integrated fuel reformers

+

Higher temperature PEM cells are more appropriate for micro-CHP applications

-

More robustness is required

-

Longer durability is needed

-

Costs are too high, catalyst utilization should be increased and alternative platinum free
catalyst should be investigated

It is not perceived that the projects have contributed to significant second order learning.

3.5 I NTERNAL

NICHE DEVELOPMENT :

3.5.1 H I S T O R I C A L

SOFC

MICRO ‐CHP

C ON T E XT

The first 50 years of SOFC history take almost exclusively place in Germany. In 1899 Walther
Nernst discovered solid oxide electrolytes which much later resulted in the first notion of the solid
oxide fuel cell (Nernst, 1899). He used yttria-stabilized zirconia (YSZ), which is nowadays often
used in SOFC electrolytes, as a glowing filament in lamps. Nernst became especially famous
because he formulated the ‘Nernst equation’ that is often used in electrochemistry today. The
equation describes the relation of the difference in potential between the electrodes and the
concentrations of the components that are used in the electrochemical reactions. However, it took
until 1935 before Schottky recognized the opportunities of solid-state electrolyte fuel cells and
suggested that a comprehensive patent should be applied by Siemens and Halske (now: Siemens
AG). A few years later Baur and Preis were the first to demonstrate a solid oxide (or ceramic) fuel
cell with an YSZ electrolyte, running at 1000 °C (Ormerod, 2003). Around 1943 a scientist called
Wagner finally understood the ionic conduction mechanism in the Nernst glowers. His papers
initiated exhaustive investigations of solid oxide fuel cells in Germany and later also in several
other countries (Mobius, 1997).
In the U.S. interest grew in the beginning of the 1960s. General Electric became active in SOFC
and filed several patents (e.g.: Tragert, 1961), Isomet Corporation started developing SOFCs and
a company from Pittsburgh called Westinghouse also started developing SOFCs. In Europe, the
USSR and Japan SOFC research had also taken-off and from 1965 surveys were carried out to
present advancements at the international fuel cell meetings in 1965, 1967 and 1969 (Mobius,
1997). One of the persistent problems with SOFCs at the time was their poor efficiency, as
electrolyte layers were still thick SOFCs suffered from high losses because of high internal
resistance. Continued advances in preparation and production methods through the 1970s led to
the development of considerably thinner electrolytes, which gave a significant improvement in
performance (Ormerod, 2003).
The most important application domain for SOFC is stationary power production. Since the high
operation temperature places high stresses on the materials output modulation had proven
difficult. For micro-CHP applications many developers therefore try to achieve lower SOFC
operation temperatures. As is probably expected Germany accommodates a number of important
SOFC micro-CHP developers. Siemens is already involved since a very long time. In 1998 Siemens
acquired Westinghouse Power Generation which had been working in SOFC for a very long time,
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and had developed several key pre-commercial units. It fabricated and field tested more than a
dozen 5-kilowatt CHP units, which were each about the size of an American refrigerator.
Performance was satisfactory but prices remained too high. In 2009 Siemens reduced its activities
because it was not a core competency for its energy business and it could not hit its profit targets
(FuelCellToday, 2008). Another Germany company, boiler manufacturer Vaillant, announced in
2008 to reinforce SOFC activities together with ceramic technology institute IKTS. The
collaboration is explicitly aimed to develop solid oxide fuel cells to series production readiness for
combined heating and power generation (CHP) in buildings (Vaillant Group, 2008). In Switzerland,
Hexis (previously Sulzer Hexis) has been working on residential micro-CHP systems for already
more than 15 years. It announced to now be focusing on lowering the power degradation on
system level (Mai, 2009). Both the Vaillant and Hexis systems are used in a large scale field trial
for residential fuel cells in Germany. The trial began in 2008 and “aims to have approximately 800
fuel cell micro-CHPS installed under the Callux field test by 2012” (Heyen, 2010). This trial also
involves PEMFC systems produced by Baxi. Ceramic Fuel Cells limited, which is originally
Australian, recently opened a factory for producing small scale SOFC systems in Germany. It can
produce 30.000-60.000 units per year. In Britain a spin-off from the imperial college called Ceres
power developed a wall-mounted 1 kW micro-CHP system. The company claims to be working on
an initial production line that will start mass manufacturing the company’s intermediatetemperature (500-600°C) SOFC units (Ceres Power Ltd, 2010). U.S. fuel cell developer
Acumentrics and Italian heating systems and services firm Merloni Termosanitari (MTS Group)
have also been demonstrating the first wall-mounted residential combined heat and power (CHP)
units to several major European utilities (Acumentrics Corporation, 2007). In Denmark a
“Demonstration of μCHP Based on Danish Fuel Cells” is currently in progress. In this context
currently two 1 kW SOFC systems built by fuel cell developer Topsoe and system integrator
Dantherm power are being trialed. The project targets to have 20 Topsoe/Dantherm systems in
field trial status by 2012 (Pedersen, 2009). In Japan, the country that has already made huge
progress in residential PEMFC applications SOFC micro-CHP activities are also starting to increase.
Tokyo Gas, Kyocera, Rinnai and gas equipment maker Gastar have begun field trials with
residential solid oxide fuel cells with an output of 0,7 kW. “The goal is to have commercial versions
ready for the market in 2014-15” (Spence, A., 2009).

3.5.2 E X P E C T A T IO N S
In 1984 a couple of Dutch stakeholders formed the working group fuel cells. Since the working
group aimed to develop a Dutch fuel cell they first had to decide which type would be further
developed. At the time, five different cell types were known including the SOFC. However, the
SOFC was directly put aside by the group since its development was still “too much in research
phase” (Van der Hoeven, 2001). Despite this early rejection, ECN did start SOFC research
sponsored by NOVEM in 1990. This was more or less done as insurance for when the MCFC would
become a failure. When in 1994 expectations in the MCFC dropped, expectations for SOFC
technology started to grow. In the same period ECN established a contract with Sulzer Hexis and
Siemens where ECN supplied individual cells. In addition, Dutch energy companies also had high
expectations of SOFC technology and engaged in a larger SOFC CHP project with Westinghouse.
Westinghouse had also high expectations of its own SOFC technology that it already had been
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developing since 1970s, but it was repeatedly confronted with delayed projects. This was also the
case for the order from the Dutch energy companies. It seemed the first large-scale order for
Westinghouse and it had problems to start-up the plant. When it was installed in 1998 appeared
that cell degradation proceeded much quicker than was expected. However, after some
modifications it ran successfully for about 16.000 hours. With an output of 110 kWe it was the
largest SOFC power plant at the time. From 1998 a spin-off from ECN called InDEC started to
focus on manufacturing SOFC components (Van der Hoeven, 2001). In 2005 InDEC was taken
over by the German company H.C. Starck that herewith tried to create a strong and strategic
position in the SOFC market (ECN, 2005). It is unclear how much money was involved in this
acquisition but it was reported that this involved dozens of millions of Euros. In addition, ECN will
receive royalties for sold SOFCs by H.C. Starck. Micro-CHP is mentioned as one of the main
applications of SOFCs (Van Dijk, 2003). In 2008, Ceramic Fuel Cells Ltd. has signed an agreement
with H.C. Starck to secure a high volume supply of fuel cell components.

3.5.3 S O C I A L

NETWORK

The number of field trials with SOFC micro-CHP systems might be even lower than the number of
field trials with PEMFC systems. The projects that were used for this niche analysis are
summarized in Table 3-3.
T ABLE 3-3: S ELECTED D UTCH SOFC MICRO -CHP PROJECTS

Period

Project

Actors

2000

Field trial (1 unit)

Shell, Gasunie, ECN, Sulzer
Hexis

2002

Sulzer Hexis (1 unit)

ECN

2008

Field trial in Oss (1 unit)

Essent retail services, Gas
Terra

2010

CFCL Bluegen trial (1 unit)

GasTerra, Kiwa Gastec, CFCL

The first field trial in 2000 was specifically aimed to test a fuel reformer that was developed by
Shell in a field trial system from Sulzer Hexis. “Sulzer Hexis in Switzerland was approached,
because this company at that time was the only company offering a μ-CHP-system on the basis of
SOFC technology” (Hoving, Bekker, & Hegge, 2003). ECN was involved to evaluate and improve
the cells performance after integrating the new reformer. The second project was carried out by
ECN alone in order to investigate the system capability for use in Dutch households. The third trial
was a field trial that initially was aimed to test between 10 and 20 systems. However, after one
system had been installed project management decided that they did not dare to take the risk to
install the remaining units (Overdiep, 2010). The fourth trial that was carried out in the
Netherlands concerned a test of a system from Ceramic Fuel Cells ltd. The test was carried on
behalf of GasTerra. It can be noticed that despite that ECN had made some significant progress
with SOFC technology, there are hardly any parties involved in SOFC manufacturing in the
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Netherlands. The very limited experimental projects that were carried out were initiated by ECN,
GasTerra and Shell.
However, two Dutch boiler manufacturers are known to be engaged in SOFC micro-CHP
development. Daalderop has signed an agreement to cooperate with Ceres power for the volumemanufacturing of SOFC micro-CHPs. Ceres will mass produce and assemble fuel cell stacks and
fuel cell modules and Daalderop will use its gas appliance engineering expertise to integrate the
cells in a complete system (FCB, 2009). In the same fashion De Dietrich-Remeha group signed an
agreement with CFCL to integrate their fuel cell stacks and modules into micro-CHP systems (FCB,
2007).
A remarkable situation with SOFC micro-CHP in the Netherlands occurred in 2008; Dutch energy
company Nuon announced to have placed CFCL’s first forward volume order, for 50.000 units
based on agreed targets. Despite that Nuon confirmed that all technical targets were met in a test,
Nuon cancelled the order in 2009 with the argumentation that they wanted to keep focus in their
current product development portfolio (FCB, 2009).

3.5.4 L E A R N I N G
Despite that initially much research focused on MCFC technology SOFC has also made significant
learning progression in the Netherlands. Second order learning took place when negative learning
resulted from the few targets that were met by MCFC projects. MCFC started to lose support and
many actors learned that SOFC projects were more successful and therefore should receive more
attention in the Netherlands. After MCFC failure knowledge was transferred to SOFC development
which made the learning process relatively efficient (Van der Hoeven, 2001). It is clear that in the
Netherlands much more efforts were taken to develop key micro-CHP components (in particular
fuel cell stacks and fuel reformers) than to develop integrated systems. After the first tests with an
integrated system SOFC micro-CHP in 2000 a few conclusions were drawn. In the first place,
results from the developed catalytic partial reformer (CPO) were slightly disappointing. Steam
reforming SOFC micro-CHP systems had better electrical efficiency than the systems with CPO
based fuel processors and are therefore preferable. A second conclusion was that when their price,
including heat storage and auxiliary burner, sinks below 12.000 NLG (about 5.500 Euro) they can
become economically attractive for larger households. Third, the robustness of the system towards
operational disturbances or transients should, especially in the fuel supply system had to be
improved. Fourth, overall efficiencies of over 90% should be achieved for micro-CHP systems to
become successful in the market (Hoving, Bekker, & Hegge, 2003). From the second experiment
at ECN was learnt that a “strongly dynamic operation of the system will decrease the system
efficiency rather fast, a gentle and steady state operation of the system is beneficial to a modest
decrease in efficiency” (Van der Oosterkamp & Van der Laag, 2003). From the third experiment
was mainly learnt that the technology had not yet passed its development stage. From a fourth
test with an integrated system was learnt that the involved SOFC system passed the safety
requirements for the European market. In general, learning processes with SOFC micro-CHP
systems resulted in a number of points including:
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+

AC electrical efficiencies of over 60% LHV create optimism

+

Trials show that much progress has been made recently

+

Continuous operation is the best way to (not) control SOFC micro-CHP; it provides the
least degradation effects, longest durability and highest savings

+

The stack temperature has been brought down to use enable the use of cheaper, lowerend materials in the system

-

Longer durability is needed, stack replacements involves high costs

-

Strongly dynamic operation of the system will decrease the system efficiency fast

-

Robustness should be improved

-

Costs are too high

3.6 R ESULTS
This chapter presented the historical formation and current status of three technological niches in
the Netherlands. The concept of technological niches was introduced and a historical context and
analysis of internal niche processes is given. The Stirling engine niche appeared by far the most
developed niche and three large projects that together trialed 288 systems were analyzed. The
PEMFC and SOFC niches were each analyzed based on four trials. In both cases was found that
trials with only a handful systems were carried out in the Netherlands.
The point of departure for a micro-CHP industry in the Netherlands was quite ideal for all niches.
There was a flourishing boiler industry6 and there was much knowledge present about both Stirling
engines and fuel cells. Electronics company Philips had made huge investments in the
development of the Stirling engine whereas research organization ECN had created a leading
global position in fuel cell knowledge. Moreover, there was already quite some experience with
larger scale CHP in for instance the horticulture industry. Still, it has to be concluded that this
decade the Dutch lead in micro-CHP knowledge has decreased and has partially moved abroad.
How can this be explained from a SNM perspective?

3.6.1 S L O W

LEARNING PROCESSES

The Smart Power Foundation (2006) expected to have 1.000 systems installed in 2007 and 38.000
in 2010. In practice, probably slightly less than 1.000 systems have been installed at the moment
(2010). Thus, compared to the expected status, micro-CHP market diffusion is already three years
behind on schedule (in four years time). How can this be explained?
Technology push
The micro-CHP industry is characterized by a strong technology-push nature. Multiple interviewees
and literature sources emphasize on a lacking consumer demand. Consumer preference has been
subordinate from the beginning and later received significantly more attention when it appeared as
a crucial implementation barrier. During the interviews, the following factors that explained a
lacking market pull were identified:

6

Many mergers and acquisitions by foreign companies have recently taken place in the Dutch boiler industry.
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-

The purchase of a boiler (or micro-CHP) is often an ad-hoc decision. People tend to only
replace it when the previous installation failed and a household gets cold. Since this often
causes many problems and occurs at an unanticipated moment a replacing technology has
to be installed quickly. Since financial resources that are at a households’ disposal are
regularly very limited, many house owners will purchase the cheapest solution.

-

A residential heat or heat-and-power installation is not considered as a “sexy” product in
the Netherlands. In contrast to for instance the Germans, Dutch people are not proud on
their installations and are will hardly ever show it to other people.

-

Also, the installation company is often the party that buys the system. For them practical
issues as installation ease are of vital importance. Since a significant number of boilers are
located in attics, heavier and larger micro-CHP systems will have significant disadvantages
compared to the current condensing boilers.

-

Already since the beginning of micro-CHP R&D, consumers have indicated noise production
as a serious disadvantage.

Ever-promising technologies
Fuel cells and Stirling engines have many things in common: both technologies have attracted
many millions of investments and have already been in development status for several decades.
Both have been the subject of an extensive research program in the Netherlands; fuel cells were
actively investigated by ECN and the Stirling engine by Philips. However, neither of them has
succeeded to find a terrestrial application 7 but continue to be demonstrated as ‘a promising
technology’. They have also in common that their costs and reliability is still lagging behind
compared to extremely developed conventional technologies such as conventional boilers and
internal combustion engine. The fact that precisely these two technologies were determined to be
the most attractive for residential combined heat-and-power production is also a factor that makes
the market introduction of micro-CHP so difficult (and interesting for innovation scientists).
Moreover, besides whether the technologies actually are techno-economically mature, Stirling
engines as well as fuel cell technologies also suffer from the perspective of being ever-promising
technologies. Actors have lost trust because improvements have repeatedly failed to live up to
what was promised. An example that was mentioned in one of the interviews was that the microCHP was announced as the designated replacer of the condensing boiler much too early (Overdiep,
2010). Despite that the technology made many improvements since then, actors have lost their
trust and commitment since the announced ‘replacement of the gas boiler’ has been unsuccessful
so far.

3.6.2 N E T W O R K

FORMATION

The network that has formed around micro-CHP in the Netherlands is dense and broad. In fact, the
structure and size of the network improved and involved new potential users such as housing
associations. The Dutch network also became interwoven with international networks. The
emphasis strongly lays on Stirling engine micro-CHP systems. Other networks focusing on SOFC

7

For both technologies was reported that they have successfully been used for space programs. More information: Stirling
engine: Dochat, 1990, fuel cells: Reaves & Hoberecht, 2003.
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and PEMFC niches are still much smaller and not really dense. The knowledge spill-over that was
introduced is not necessarily negative since the Dutch industry can also take advantage of the
increasing external knowledge. For instance, cross-border strategic alliances were formed to jointly
develop and manufacture micro-CHP products. Examples include for instance the cooperation
between Baxi (UK) and Enatech (NL), Ceres (UK) and Daalderop (NL), between DeDietrichRemeha(NL) and CFCL (AU), etc. An irregularity in micro-CHP networks is that some regime
insiders are strongly pushing micro-CHP whereas insiders usually are characterized by their
resistance against radical changes. However, since micro-CHP can maintain or even increase gas
consumption levels, powerful gas companies all over the world try to ‘pull’ micro-CHP into the
energy regime in order to secure their businesses in the future.

3.6.3 I N T E R R E L AT I N G

NICHES

Transition management assumes that diversity is productive for niche development, because it
enhances learning and network development, but it appears that currently there is too much
diversity which hampers developments. The existence of multiple substitute niches creates
uncertainty (which prevents full commitments), fragments resources and hampers the emergence
of a stable set of rules (Schot & Geels, 2008). A result is that technological niches do not grow out
to market niches or cause transitions. Instead, niches get entangled with each other based on
uncertainty. ‘Negative’ learning processes in one technology often lead to increasing expectations
in other technologies.
At the moment, interrelating niches are influencing the micro-CHP trajectory. From the interviews
with various stakeholders it can be concluded that it is expected that the further trajectory of
micro-CHP is also dependent on expectations, technological developments, investments and
subsidies involved in many other niches, for instance:
•

Electrical heat pumps

•

Gas heat pumps

•

Solar boilers

•

Photovoltaic panels

The high level of diversity makes it difficulties to determine the relative position of the different
energy saving techniques. Investors remain therefore reluctant. Thus, besides that microcogeneration systems already face a highly competitive environment that embraces traditional
heating systems, such as condensing gas boilers or heat pumps, emerging renewable energies,
such as solar thermal and photovoltaic systems and biomass heating systems, make it even more
difficult to compare how different technologies perform.

3.6.4 D I V E R G I N G

E X P E C T A T IO N S A N D UN C E R T A I N T Y

It has to be concluded that the expectations about technological and project outcomes are not
consistent. Boiler manufacturers expect that it is feasible to make micro-CHP systems at a price
that is maximally 1.500 Euros higher than the price of a condensing boiler. Other actors have
expressed that they do not believe this (anymore). Also the roles that the different prime movers
will play in further market diffusion of micro-CHP are diverging. A stakeholder analysis carried out
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by Feenstra (2008) confirmed these “differences in the expectations” and concluded that this
“development may cause conflicts between stakeholders in the future”.
The expectations are also relatively compliant with new information, which indicates uncertainty.
Example of this include the unexpected sale of Stirling engine manufacturer MEC and liberalization
of the energy market. The unexpected annoucement that MEC became for sale created much
unrest. Some actors perceived this as an indication that the Stirling engine micro-CHP might not
be a commerically viable technology. Also the liberalization of the energy market has at least for
some stakeholers created the impression that this would possibly hamper micro-CHP technology
(Overdiep, 2010).

3.6.5 O V E R V I E W
Figure 3-2 illustrates the relative position of the three technological niches from an SNM
perspective. It is clear that the Stirling engine micro-CHP niche is the most developed niche. It has
a dense network and involves many heterogeneous actors including a fair number of both regime
in- and outsiders (e.g. housing corporations, suppliers, government, DNO’s, energy companies).
Since the networks of both fuel cell niches mainly consists of fuel cell developers and boiler
manufactures these are still more homogenous; they are not yet in a stage where they cooperate
with for instance housing corporations. The PEMFC network seems to be a little denser than the
SOFC network, which is really fragmented. An explanation could be that many PEMFC developers
are located around the Arnhem area and are often the same collaborating parties are found in
various projects (Nedstack, 2007). Learning from experiments has mainly resulted in first order
learning although in the Stirling engine niche also some second order learning took place. The
experiments convinced some regime actors of the technological status and seemed to have
changed their mindsets. Regarding expectations there is still much diversity. Especially in the fuel
cell niches expectations are very diverging. Whereas on the one end of the spectrum an actor
believed that the fuel cell will be ready for micro-CHP within five years, the other end still
considers it as a very premature technology. A possible explanation could be that many actors are
relatively unfamiliar with the technology. Finally, the interaction between niche and regime can be
seen as suboptimal for all niches, although it is a bit better for Stirling engine niche than the fuel
cell niches. The strong technology push and lacking market demand seems they key argument for
the lack of investments and problematic relations.
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4. COST‐BENEFIT ANALYSIS
4.1 I NTRODUCTION
A large-scale transition to micro-CHP technology is only possible if enough households decide to
adopt a micro-CHP system. The nature of this decision involves many case-specific considerations
such as internal and external motivation, sensitivity to persuasion and strategic attitude, but it
also depends significantly on its economic performance (Schneider, 2006; Feenstra, 2008). This
chapter uses dynamic simulations based on external data to gain knowledge about the economic
performance of three micro-CHP systems in eight referential situations.

4.2 P RINCIPLE
A cost-benefit analysis aims to determine the cost-effectiveness of an investment. Costeffectiveness is calculated by making estimations about the variable and fixed costs of a new
system and comparing these to a reference system. The fixed costs are resembled by the initial
investments that are made. This can be estimated by market research about prices of micro-CHP
systems on a component or system level. The variable costs are more difficult to predict because it
is closely related to the operational performance of the system which is again dependent on many
other factors. By creating an algorithm that simulates the control of a system it can be estimated
how a system reacts to a given heat and electricity load. By linking this to knowledge about tariffs,
also the economical performance can be determined. The design of the simulation model that has
been used to simulate operational performance will be further elaborated in the next paragraphs.
Because the investment is aimed to improve a reference situation, this implies that the reference
situation should also be included in the model. The chosen reference system is based on the
conventional household energy system. Centrally produced electricity is purchased from the grid
and heat is produced by a gas boiler. The assumed specifications are summarized in Table 4-1.
T ABLE 4-1: R EFERENCE ENERGY SYSTEM DATA

Variable

Value

Effiency gas boiler (LHV)

107%

Effiency gas power plant (LHV)

45%

Electricity price (per kWh)

€ 0,24

Gas price (per mn3)

€ 0,52

Higher heating value natural gas (MJ/ mn3)

35,17

Lower heating value natural gas (MJ/ mn3)

31,65

The efficiency of the gas boiler (107% LHV) corresponds to a standard condensing gas boiler often
used in the Netherlands. The power plant efficiency is based on the reported “average efficiency of
44-46% for gas power plants in the Netherlands” (Seebregts & Volkers, 2005). Energy tariffs
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represent the full tariff including tax and transmission costs and are based on estimations by
Ebatech (2010). The heating values of natural gas are based on the chemical composition of Dutch
(Gronings) natural gas. This consists of about (vol.%) 81.3 CH4, 3,5 C2H6, C3H8, C4H10, C5H12 &
C6H14 (higher hydrocarbons), 14.3 N2, 0.89 CO2 and 0.4 H2S (Gasterra, 2010).

4.3 H OUSEHOLDS
In order to investigate whether there exist differences in the economical performance of microCHP for different consumer types this research zoomed in on the energy use of the Dutch
household stock. Each household has a specific energy demand depending on many variables such
as climate, building characteristics, the number of residents and on the behavior of those
residents. A number of earlier studies have used diverging approaches to investigate this. Some
authors simulated entire buildings behavior using whole-building and systems simulation tools
(e.g. Alanne et al., 2010; Dorer & Weber, 2009). Other authors used approaches that are based
on established load profiles and do not elaborate on how this residential energy load is composed
(e.g. Voorspools & D’Haeseleer, 2002; Hawkes & Leach, 2005; Houwing, 2010). This investigation
adopts the latter approach and uses standardized load profiles that can be modified for the total
annual demands of different total households. Thus, in order to determine which micro-CHP
systems are the most suitable for which group of households more information is required about
how much heat and electricity most Dutch households use and how this is distributed.
The Dutch Ministry of Housing, Spatial Planning and the Environment periodically carries out a
comprehensive housing survey that, among many other variables, includes data about residential
gas and electricity demand. Although natural gas is also used for cooking purposes, the vast
majority of the gas is used for spatial heating and hot water (see for instance: Menkveld, 2009).
The dataset that was used is the WOoN 20098 survey which collected data from a representative
sample of the Dutch households (n≈78.000).
Before using the data for actual simulations it is common to first check the data for outliers and
coding errors9. A few things are noticed. In the first place some households appear to have an
annual energy use of 99999.0 kWh and gas of 0 mn3. Since it is highly unlikely that these are
realistic values this is considered as a coding error and is removed from the dataset. Second there
are cases with a realistic electricity demand but without a gas demand. It is likely that these cases
use electrical, or district heating systems as their heat source. These cases are conserved in the
dataset to create an impression about the share of households that do not use local natural gas
boilers for providing their heat. Third, outliers with extremely high energy demands (>8.000m3
gas & >15.000kWh electricity) are excluded because they are not considered to be the target
group for small scale cogeneration. Also, this study has limited its scope to one-family-houses by
excluding apartments, flats, farms, houses with linked commercial activities and houses with
shared facilities. This decision was made because the definition of energy consumption is less
straightforward in these situations and as a result the information is considered to be less

8

The “WoON 2009” dataset was assembled by CBS and TNS NIPO. The used dataset (WoON2009_r_1.2.por) was retrieved
from http://easy.dans.knaw/ by dr.ir. J.P.G. Cobben on 22 April 2010.
9
The data analysis was carried out with statistical software package PASW 17.0.2.
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reliable10. The new dataset consists of 42.500 households. Histograms about how electricity and
gas consumption are distributed in the Netherlands can be found in appendix B.
Subsequently, because there are four different extreme situations and four different building
types, in total eight households were selected from the database for further analysis. In order to
maximize the relevance of these simulations it is chosen that four households need to represent
very regular situations and the other four households represent reasonably extreme situations.
The regular situations are selected by discrimination between building types and finding the
median values for gas and electricity consumption. The building types that are distinguished are
detached houses, duplex houses, corner of the row houses and row houses. The occurrence of
each building type in the sample is presented in Figure 4-1.

F IGURE 4-1: O CCURRENCE OF BUILDING TYPES IN SAMPLE

Thus, for each building type a reference situation was selected by finding the median household.
The median value is defined as the household where fifty percent of the households of the same
building type have higher energy consumptions and fifty percent have lower energy consumptions.
Similarly also the extreme situations are determined. For both gas and electricity a low and a high
consumption are determined. The lower value is the point at which only 10% has a lower
consumption and thus 90% has a higher consumption and the high value is the point where only
10% of the households consume more and 90% consumes less.

Figure 4-2 demonstrates the relative position of the eight points compared to the households stock
in the Netherlands. Every dot in the cloud in the figure represents a household in the dataset. In
addition, Table 4-2 summarizes the eight points that were selected.

10

Data can be biased because it is ambiguous whether the reported consumption amounts only cover household consumption
or also consumption for other purposes.
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F IGURE 4-2: S ELECTED H OUSEHOLDS

T ABLE 4-2: S ELECTED R EFERENCE S ITUATIONS

Electricity [kWh]

Gas [mn3]

Costs

median row house

3168

1521

€ 1.551

median corner house

3369

1789

€ 1.739

median duplex house

3898

1946

€ 1.947

median detached house

4348

2487

€ 2.336

low heat/low power

1707

801

€ 826

high heat/low power

1707

3022

€ 1.981

low heat/high power

6073

801

€ 1.874

high heat/high power

6073

3022

€ 3.029

4.4 C ONSUMER P ROFILES
In order to distribute the total annual consumption in electricity loads per time step so-called
consumer profiles can be used. Dutch energy consultant Ecofys annually produces average heat
and electricity profiles that are widely used in the Dutch energy sector. It is understood that these
provide a representative profile for a few consumer groups with similar characteristics. A profile is
a series of numbers that indicate the fraction of the annual energy use at each time step. The total
area under the profile is therefore always exactly equal to one for a whole year. Then, by
multiplying this profile with an annual consumption quantity the profile represents an actual load
value at each time step.
For electricity, the profile of consumer group E1A is used. This group represents connections with
one tariff (i.e. no separated day and night tariffs) and a maximum pass value of 3x25 Ampère.
However, the profile shows a pattern that is rather representative for an aggregated group than
for a single household. As a consequence, this profile does poorly resemble a typical profile of one
household which consists of many peaks (see for instance: van der Laag & Ruijg, 2002).
Therefore, the method of Houwing (2010) was used for constructing a more realistic and
unpredictable profile for a single household. The exponential distribution function that was used is
based on a random number generator and the existing Ecofys average profile:

An example of the average Ecofys electricity load profile versus the new single household profile is
displayed in Figure 4-3. An important feature of this modification with an exponential distribution
is that the surface under the line remains equal to one.
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F IGURE 4-3: S AMPLE OF A S INGLE H OUSEHOLD E LECTRICITY L OAD (B ASED ON ECOFYS PROFILE E1A)

Besides electricity also a heat load profile had to be defined. However, Ecofys only has gas profiles
available. It is therefore assumed that the heat profile is equal to the gas profile. This seems a
valid assumption because generally the vast majority of the gas is used for central heating and hot
water production and only about four percent for cooking (Menkveld, 2009). A second limitation is
that the Ecofys gas profile only contains information of the load per hour. This is not ideal for
representing the hot water consumption that usually requires a high energy load for a short time.
“In 80 percent of the cases the hot water demand exists for less than 30 seconds” (van der Laag &
Ruijg, 2002). In the profile these very short peaks in demand are not visible because they only
represent a modest energy quantity when considering the entire hour. However in practice, many
micro-CHP systems will be combined with a hot water storage system that limits the occurrence
for the need to directly produce high heat amounts with the auxiliary burner but rather extends
the time of co-production.

7

Heat load [kW]
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1
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F IGURE 4-4: S AMPLE OF THE H EAT L OAD OF A S INGLE H OUSEHOLD IN J ANUARY
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The short peaks are thus covered by the storage unit which ‘spreads out’ the peaks over longer
time period. In the model is assumed that the storage unit is large enough so that the profile
resembles the actual heat demand of the household (including spatial heating and hot water). This
means that the buffer is never empty, but all energy it delivers is of course reloaded by the microCHP. An example of a heat profile for a given household is demonstrated in Figure 4-4. The heat
load profile thus includes the heat load for hot water production as well as for domestic heating.

4.5 T ECHNOLOGY

ASSUMPTIONS

Many different kinds of micro-CHP systems are rapidly being developed. Since no dominant design
has raised yet, pre-commercial systems are characterized by widely diverging technical
characteristics. For instance, prime movers, dimensions, operational strategies and efficiencies
diverge widely among different system configurations. But, as was explained in the introduction,
this study focuses primarily on the role that Stirling engine en fuel cell systems can have for
micro-CHP. See Appendix A for a more detailed discussion about relevant prime mover types.
Since all designs are in different stages of development it is yet extremely difficult to make a
straight comparison. However, Stirling engines, PEMFCs and SOFCs all reveal some technologyspecific characteristics that do say something about their operational behavior which is of course
valuable at this stage. The result of this cost-benefit analysis is therefore aimed to be indicative
and will only provide an initial assessment of the economic performance of different technologies.
It has been chosen to base this study on three prime mover technologies that are in an advanced
stage of development or have just been brought on the market. Specifications and operational
behavior of each of the three systems is based on a product that is the seemingly closest-tomarket at the moment. However, specification forecasting of especially fuel cell technology
remains highly speculative in this stage.
The point of departure is that all systems consist of at least a prime mover and auxiliary burner. In
order to maximize the operating time the prime mover will first try to meet specific loads while the
auxiliary burner is only activated when there is excess demand required after that. An auxiliary
burner is necessary because in most cases the prime mover alone will not provide enough heat in
high demand situations such as heating up a house in the winter. In order to make the comparison
as fair as possible, for all three systems the same auxiliary burner is assumed. It can disputed
whether this actually is completely fair, because prime movers with lower thermal outputs will
probably facilitate a lower central heating water temperature increase and thereby leave a better
efficiency possible for the auxiliary burner. Unfortunately, this effect would add much complexity
to the model and is therefore decided beyond the scope of this study.
The first prime mover to discuss is the Stirling engine (sometimes also: external combustion
engine). For a more extensive study about Stirling engine technology for micro-CHP is referred to
appendix A-1. Most attention in the Netherlands goes out to three different designs; the
Whispergen system, the MEC system and the Enatec system. The assumptions for the Stirling
system in this analysis are based on the MEC system which had the much technical information
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readily accessible and is used in most Dutch field trials at the moment (specifications source: Baxi
Group, 2010).
The second prime mover type that will be discussed is the PEMFC. From the limited number of fuel
cell micro-CHP systems that are currently installed in Europe is the majority of a PEMFC type. The
prime mover specifications that were selected for this analysis were based on the 3 kW version of
the GenSys system that is developed by US manufacturer PlugPower (specifications source:
PlugPower Inc., 2009).
The third prime mover is the solid oxide fuel cell (SOFC). For the simulation model the technical
performance of the SOFC is derived from published material about the Gennex module that is
manufactured by Ceramic Fuel Cells (specifications source: CFCL, 2010). The performance
indicators of the three assumed micro-CHPs are summarized in Table 4-3:
T ABLE 4-3: P ERFORMANCE A SSUMPTIONS
Stirling
engine

SOFC

PEMFC

14

60

30

107

85

85

Electrical output (kWe)

1

2

3

Thermal output prime mover (kWt)

6

1

5,5

4-18

4-18

4-18

10

1440b

60

1

0,25

3

Max. electrical efficiencya (%)
Max. total efficiencya (%)

Thermal output auxiliary burner (kWt)
Start-up time (min)
Maximum ramp-rate (kWe/15 min)

a) Efficiencies are based on the lower heating value (LHV) of natural gas. b) System does not shut down
but operates at low output when no demand is present.

Besides on technical specifications, economic and environmental performance of micro-CHP
systems is also highly dependent on the chosen control strategy. Most micro-CHP systems are
heat-led. This means that the system is turned on when there is a heat load present, and turned
off or modulated when there is no heat load or reduced heat load present. Note that the produced
electricity is considered as by-product. After all, electricity can always be used by either the
household itself or by feed-in to the grid. An opposite situation is an electricity-led strategy. The
system modulates according to the apparent electricity load and heat is considered as the byproduct. This would only be attractive if the electrical and part load efficiency is high enough. If,
for example, no heat load but only an electricity load would be present, heat would be the waste
product and in case of the Stirling engine 86% of the primary energy would thereby be spilled. An
electricity led Stirling engine system would therefore not make sense. This is also the case for a
base-load strategy where the system is continuously in operation. Because of the assumed
maximum electrical efficiencies in Table 4-3 it is decided to only investigate electricity-led and
base-load strategies for the SOFC and limiting the Stirling engine and PEMFC strategies to heat-led
control only.
38

Finally, besides these ‘simple’ control mechanisms there also exist publications about more
intelligent control methods that steer on energy price levels, emissions or external incentives such
as virtual power plants (VPP) (e.g. Hawkes et al., 2007; Wakui, Yokoyama, & Shimizu, 2010).
However, since Houwing (2010) concluded that these more complex, but also more expensive
control mechanisms will not signifcantly improve the economical perfomance of micro-CHP in the
Netherlands these are decided to abandon for this analysis.

4.5.1 C O N T R O L

SCHEME

S T IR L I N G

E N G IN E S Y S T E M

“The Stirling Engine typically operates in a heat led mode, dispatching the engine against heat
demand, and a supplementary heating unit (either an integrated condensing boiler or other
integrated heating unit) where the engine’s output is insufficient to meet this demand” (Hawkes &
Leach, 2007). This is exactly how the Stirling in this study operates. Until a heat demand of 3,5
kW it is switched off. From a heat demand of 3,5 kW the Stirling engine will start up and produce
electricity and heat. A start-up will occur after 1 minute of pre-heating and will gradually rise to
600 W after four minutes and 1 kW after 10 minutes. The engine can maximally produce 6 kW of
thermal energy and 1 kW of electrical energy. If the heat demand will rise above 10 kW the engine
will maintain maximum production level and the auxiliary burner will begin to produce heat at its
minimum output of 4 kW. Since the maximal output of the engine is 6 kW and maximal output of
the auxiliary burner is 18 kW the system will produce 24 kW of thermal energy at any given heat
load above 24 kW. The thermal and electrical outputs of the Stirling engine system at different
heat loads are depicted in Figure 4-5.
Note that the micro-CHP cannot meet its heat demand in all situations. For instance: when 8 kW
heat is demanded, only 6 kW can be produced. In the model the remaining 2 kW is added to the
next time step. This means, that if the heat load in the next time step is 8 kW this will now
increase to 10 kW and the auxiliary burner will now also produce 4 kW.
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F IGURE 4-5: S TIRLING SYSTEM OUTPUT AT VARIABLE HEAT LOAD
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4.5.2 C O N T R O L

SCHEME

PEMFC

SYSTEM

For fuel cell systems this control scheme is quite similar. The PEMFC prime mover has a varying
electrical output between 0,3 and 3 kW. Since there were no producer statements available the
relations between thermal and electrical output of a few cell system were defined so that they
would correspond to reported PEMFC performance presented in figure 2.7 c of Barbir (2006) and
Figure 5 of Gigliucci et al. (2004).
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F IGURE 4-6: PEMFC SYSTEM OUTPUT AT VARIABLE HEAT LOAD

The systems is stand-by below a heat demand of 0,5 kW. From 0,5 kW the PEMFC starts to
operate and at 5,5 kW it reaches its maximum output. The fuel cell then produces 5,5 kW of heat
and 3 kW of electricity. Above a heat demand of 9,5 kW the auxiliary burner will start and will
increase with an increasing demand until the maximum output of 18 kW is reached. In this
situation the PEMFC produces 3 kW electricity and 23,5 kW heat. The control scheme is depicted in
Figure 4-6.

4.5.3 C O N T R O L

SCHEME

SOFC

SYSTEM

The SOFC system has a minimal electrical output of 0 kW and maximal output of 2 kW. The heatto-power ratio is quite small and the related heat output therefore varies between 0,3 and 1 kW.
Note that this system produces the least heat of the three systems. Related to the high operating
temperature the ramping rate of this SOFC system is constrained at 0,25 kW per 15 minutes.
“Higher ramping can induce mechanical stresses that serve to cause failure at the interfaces”
(Hawkes & Leach, 2005).
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F IGURE 4-7: SOFC SYSTEM OUTPUT AT VARIABLE HEAT LOAD

The system output is represented in output Figure 4-7. Since it takes 24 hours to start-up the fuel
cell, it is defined that the system is always on to keep the heat-balance stable. In any case, the
system produces at least its minimum output of 0,3 kW of thermal energy. When the heat load
varies between 0,3 and 1 kW the fuel cell will modulate and produce an electrical output that is
related to a given heat output. Above 1 kW the fuel cell will operate at its maximal output of 1 kW
of thermal energy and 2 kW of electrical energy. When a heat load of more than 5 kW is apparent
the auxiliary burner will be activated and will meet the surplus demand until 19 kW. Above 19 kW
the combined heat production of the cell and auxiliary burner will no longer be sufficient to meet
the heat load.
The base-load control strategy obviously complies with the discussed technological constraints
such as the ramp up times, but operates at a minimum output of 1,5 kW at any time. At this
output the system reaches its highest possible electrical efficiency of about 60%. In will only
ramp-up to a higher output if the electricity load at that time step is higher than 1,5 kW. Similarly
to the heat-led strategy, the auxiliary burner will be activated if the produced cell heat is
insufficient to meet a specific heat demand.
The electricity-led strategy will control the cell output fully on electricity demand. Heat is
considered as a byproduct. Again, of course, at any time complying to the earlier discussed
constrains.

4.6 D YNAMIC

MODEL

Since now was defined how the different systems react to present heat loads the model can be
explained. The simulation model works with a dynamic approach which means that it makes a
series of calculations where in every time-step is reacted to present parameters according to the
operation algorithm. The first time-step begins on 1 January at 6:45 and ends on 31 December at
00:00. All time-steps are exactly 15 minutes long. In one total simulation calculation the model
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runs through all 35.108 time-steps and determines the expected behavior with the following
formula:

For understanding the model, take for instance the Stirling engine system which follows a heat-led
control strategy. In every time-step is first checked whether there is still a heat load present that
was not met during the previous time-step. In the formula this is defined as “
heat load is added to the heat demand of the specific time-step “

”. This

”. With this total heat

demand and the system characteristics displayed in Figure 4-5 is determined how much heat the
cell or engine (

) and auxiliary burner (

) produce during that time-step. If, for

instance, the total heat demand is 8 kW Figure 4-5 shows that the system will react by producing
only 6 kW during that specific hour. By subtracting the produced heat from the heat demand the
remaining heat load that not was met will be calculated as “

” and 2 kW will therefore be

added to the next time-step. In a heat-led case, the electricity that delivered is a by-product of
thermal energy that the cell or engine produces. For the Stirling engine, can thus be seen in Figure
4-5 that 1 kW of electrical energy is delivered. By comparing the produced electricity with the
residential electricity load is determined whether the household needs to buy additional electricity
from the grid or can feed-in electricity surplus.
Since in each time step now is determined how much heat and electricity is produced it can also be
calculated how much natural gas is required for this. More information about the efficiencies that
are concerned for the different systems at different outputs can be found in appendix C. Of course
the model has also accounted for higher gas consumption compared to lower outputs during startups. More information about start-up times can be found in Table 4-3.
Finally, the total annual gas and electricity exchange with utility networks is determined by
summing up the gas use in all time-steps and the sum of the electricity that was purchased and
fed-back into the grid.

4.7 C OST

ESTIMATIONS

4.7.1 I N V E S T M E N T S
On a system level, the investments cost are based on the manufacturers’ statements. Note that
some of the systems are pre-commercial and price indications will therefore not represent market
prices. Moreover, price levels are strongly fluctuating and subject to economies of scale. Baxi
reports that their Ecogen is not for sale yet but can be purchased in the context of field trial
participation for 12.200 Euro. The commercial retail price of the Remeha micro-CHP will be around
10.000 Euro incl. VAT at its introduction in the fall of 2010. Micro-CHP manufacturers generally
agree that a system price should be brought down to an acceptable level for consumers. It is
estimated that a price of 1.500 Euro more than the price of a regular condensing boiler is
acceptable and feasible. Say that wide-scale adoption is reached in 2020 and a condensing boiler
has a price of 2000 Euro incl. VAT (which is conservative) this would mean that in 2020 a Stirling
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Engine system would have to cost about 3500 Euro incl. VAT. The Stirling engine micro-CHP has
clearly not reached this level yet. Fuel cell systems remain to require a considerably higher
investment. Ceramic Fuel Cells Ltd. estimated the current price of participating in a field trial with
a Bluegen system that is based on the Gennex SOFC module between 20.000 and 40.000 Euro.
When the system would go into mass production the price is then estimated between 6000-8000
Euro per unit (CFCL, 2009). There has also been made an estimation of the costs on a component
level. For the Stirling engine system this consists of three systems, the Stirling engine itself, some
power electronics and a thermal management system (including the auxiliary burner). For natural
gas fueled micro-CHP systems, this usually concerns four subsystems: fuel processing, the fuel cell
stack, power electronics and thermal management (Colella, 2002). Power electronics manufacturer
Exendis explains that current market for fuel cell micro-CHP systems is still extremely small.
“Inverter prices are currently estimated at 750 Euro/kW excl. VAT but when micro-CHPs are
produced on a large scale this can decrease to about 200 Euro/kW excl. VAT”.
In Table 4-4 price estimations of micro-CHPs are given. It is estimated what their current
consumer prices are. Sources are mentioned as much as possible. If no source is indicated, this
concerns an educated guess. Unfortunately, no realistic price indication can be given about the
price of the Stirling engine component. No inverter is required for a Stirling engine system because
the linear as well as rotating generator already produce AC electricity.
T ABLE 4-4: C ONSUMER PRICES MICRO -CHP (2010)
Costs for 1 kW systema [Euro]

Stirling engine

SOFC

PEMFC

Integrated system

10.000-12.000c

30.000-60.000d

40.000-60.000d

Prime moverb

?

400-600d

500-1000d

Inverter

-

900e

900e

a

Including VAT b Fuel cell stack or Stirling engine + generator c consumer price indicated by manufacturers Baxi and
Remeha d estimations by a fuel cell expert (Bos, 2010) e indicated by inverter electronics manufacturer Exendis

4.7.2 S U B S I D Y
Currently, the Dutch government provides a purchase subsidy of 4.000 euro’s per micro-CHP for at
least the period from September 2009 until the end of 2011 to accelerate scale effects because of
the thereby expected cost reductions (SenterNovem, 2010). Only two different systems are
eligible for this subsidy at the moment, which are both of free-piston Stirling engine type
(AgentschapNL, 2010).

4.7.3 F E E D ‐ IN

TARIFFS

The prevailing legislation around electricity feed-in tariffs for households is based on balancing:
Dutch Electricity law 1998, section 31C, paragraph 2 (free translation): For consumers as
determined in section 95a 11 , first paragraph, who annually feed-in less than 3000 kWh
sustainable electricity in the grid, the DNO calculates the record of the meter by reducing
the consumed electricity by the electricity that was fed-in.

11

Applicable for most households; a condition is that the consumer connection has a pass-through current smaller than 3*80A.
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Dutch Electricity law 1998, section 95C, paragraph 2&3 (free translation): An energy
supplier is obliged to accept the fed-in electricity by a consumer as determined in section
95a. The supplier pays this consumer a reasonable compensation for the fed-in electricity.
In a response to questions whether these laws are applicable for micro-CHP, since the electricity
does not comply with the sustainable mentioned in section 31C, the Dutch Energy Chamber
reacted: “the method of electricity generation is not relevant and therefore does not need to be
sustainable”.
In practice this leads to the following interpretation: if a given consumer purchases 2500 kWh per
year he can also feed-in 2500 kWh and subtract the price he would normally pay for 2500
kilowatt-hours from his bill. In this case, the consumers’ aggregated electricity bill will therefore be
zero at the end of the year. This implies that the electricity feed-in tariff is equal to the purchase
tariff that also includes taxes and transmission tariffs. Balancing is limited to 3000 kWh per year
but two parts will most likely change in the near future because of the 14th amendment by Samson
and Hessels that was already accepted by the Dutch Second Chamber of Parliament. In the first
place the formulation of the law changed so that consumers will not lose their entire right of
balancing anymore, when they exceed the limit. In the second place, the balancing limit was
enlarged to 5000 kWh per year and above 5000 kWh a “reasonable” compensation needs to be
paid to the consumer. In practice many energy suppliers already use the 5000 kWh limit to
anticipate to the expected changes in the law. In practice, the reasonable tariff that is paid is
currently estimated at about 0,08 Euro/kWh. The change in law is at present not yet fully adopted
because of controversy around a different provision about smart-meters that is part of the same
bill (Eerste Kamer der Staten-Generaal, 2009).

4.7.4 M E T E R IN G
In the Netherlands there also exists some ambiguousness around meters and feed-in tariffs. In the
current situation, basically three meter systems can be discerned: the old-fashioned Ferraris meter
that counts backwards when electricity is fed into the grid, the meter with count-back blockade,
and the meter with two separate counters for electricity purchase and feed-back. Since the oldfashioned Ferraris meter does count back but not registers exactly how much is fed-back, all
electricity that is fed-back is automatically balanced. Thus, balancing can still occur when the feedin quantity exceeds the limit of 3000 or 5000 kWh, with the condition that the meter still indicates
a positive count. The opposite happens with the meter with count-back blockage because in this
case feed-back is not registered at all. A consumer with this meter type has a clear disadvantage
because he is not rewarded for his exported electricity. He can therefore request a meter with
separate counters. This meter separately counts the electricity that is purchased as well as the
electricity that is fed-in. With this meter, electricity flows in both directions, and thus also the
balance between them, can easily be verified.

4.7.5 D O U B L E

TAX

Another aspect that is related to micro-CHP variable costs is the double tax that is paid when that
electricity is fed-in to the grid. When consumers purchase natural gas they have to pay tax.
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Outside the balancing regulation, consumers can feed electricity that is not needed at a specific
moment into the grid and they receive a reasonable compensation excluding tax. However, when
they purchase the electricity at a later moment again they have to pay tax again for the electricity.
Thus, since one kWh of energy is first imported in the form of gas, is exported and imported again
in the form of electricity this requires the household to pay tax over the same kWh twice.

4.8 R ESULTS
Figure 4-8 demonstrates the annual cost savings resulting from simulations with different microCHP systems for different household situations. It can be seen that in general the highest savings
can be achieved with SOFC systems. For standard households consumption situations was learnt
that costs savings are roughly proportional to household size. For instance, for the median
households the Stirling engine and PEMFC systems constantly saved between 15-20%. Roughly
this same ratio results in annual savings of approximately 275 euro for a median row house
whereas it would lead to savings of approximately 450 euro in a median detached house. In the
more extreme situation the PEMFC appeared unsuitable for households with low power demands.
Given the high electrical output (3kWe) much power was produced and exported to the grid. Since
only a very limited amount of electricity is purchased, the balancing limit is low. The large
dimensions of the PEMFC system thus match best with the household with high electricity and heat
demands. Continuous operation and heat-led operation seem the most profitable control strategies
for SOFC. Another somewhat remarkable finding is that besides heat demand, also the electricity
demand, seems very important in the level of savings. This is a result of the Dutch balancing
regulation. If only a few kWh are purchased from the grid, the balancing level is very low if and
many kWhs are exported to the grid only a relatively low compensation is paid for a high quantity
of exported electricity.

‐€ 1.000,00 ‐€ 800,00 ‐€ 600,00 ‐€ 400,00 ‐€ 200,00

€ 0,00

€ 200,00

€ 400,00
median rowhouse
median cornerhouse
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F IGURE 4-8: S IMULATION OUTPUT - ENERGY COSTS SAVINGS
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PEM heat‐led

By comparing Table 4-4 and Figure 4-8 can be now be determined whether it is financially
attractive for consumers to purchase a micro-CHP system in 2010. A simple, but useful method to
determine profitability is the NPV (net present value) calculation. For matter of simplicity the
annual savings resulting from the model are assumed to be constant over a period of ten years
and, although it is that it is not realistic with these novel technologies, maintenance and service
costs are neglected. A discount rate of 6% is assumed. The investment costs are in accordance to
the consumer prices that are summarized in Table 4-4 but lowered with the price of a normal
condensing boiler (i.e. €1.750,-) and government purchase subsidy (€4.000,-). This is done to
optimally represent the situation for a consumer who alternatively would need to invest in a
condensing boiler and can apply for the subsidy when purchasing a micro-CHP system. To keep
things orderly, only two NPV calculations are presented that were selected on their highest annual
cost savings.
T ABLE 4-5: NPV C ALCULATIONS
Stirling engine, high heat/high power
Investment
€4.250,Discount rate
6%
Annual savings
€512,75

SOFC-con, high power/low heat
Investment
€24.250,Discount rate
6%
Annual savings
€949,82

Year

NPV

Year

NPV

1

-€ 3.766,27

1

-€ 23.353,94

2

-€ 3.309,93

2

-€ 22.508,61

3

-€ 2.879,41

3

-€ 21.711,12

4

-€ 2.473,27

4

-€ 20.958,77

5

-€ 2.090,11

5

-€ 20.249,01

6

-€ 1.728,64

6

-€ 19.579,43

7

-€ 1.387,63

7

-€ 18.947,74

8

-€ 1.065,93

8

-€ 18.351,81

9

-€ 762,43

9

-€ 17.789,62

10

-€ 476,12

10

-€ 17.259,24

Table 4-5 demonstrates that despite a purchase subsidies and feed-in tariff regulations micro-CHP
is not financially profitable for a consumer at the moment. The left and right situations will pay
themselves back in respectively 11 and >15 years. It can be disputed whether the current
generation Stirling engine systems is able to reach such a long lifetime and for fuel cell systems is
nearly certain that they cannot. Thus, a rational consumer focusing on merely on profit
maximization would adopt a micro-CHP system at this moment.

4.9 E NVIRONMENTAL

EMISSIONS

Note that the previously discussed cost savings do not resemble energy or emission savings which
are valuable from a societal perspective. It does therefore also make sense to provide more insight
about which technologies are currently the most attractive from an environmental standpoint. It
has been indicated Stirling engine and especially fuel cell micro-CHP will significantly reduce NOx,
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SO2 and PM emissions (Van der Oosterkamp & Van der Laag, 2003; Mathijssen & Koelemijer,
2010; Pehnt, 2008). This study, however, compares environmental performance of the
technologies only by their specific CO2 emissions. It is assumed that the emissions are 0,615 kg
CO2/kWh for centralized generation and 56 kg CO2/GJLHV for natural gas (Ruijg & van der Laag,
2003). CO2 savings are expressed in tons of avoided CO2 per installed micro-CHP unit. It is
deliberately chosen to express this per system rather than per households since with feed-in
mechanisms can account for CO2 savings of other household as well. When micro-CHP is installed
CO2 is saved because all the electricity that is produced by the micro-CHP does not have to be
produced by a central power plant. However, extra CO2 is also emitted because micro-CHP
consumes more gas than a traditional energy system. By subtracting the extra emissions from the
avoided central power plant emissions the avoided CO2-emissions have been calculated. An
overview is given in Table 4-6:
T ABLE 4-6: A NNUAL AVOIDED CO 2 EMISSIONS [ TON CO 2 * YEAR -1 ]
Emissions
reference
(estimate)

Avoided Emissions
Stirling
engine

SOFC-BL

SOFC-HL

SOFC-EL

PEMFC

median row house

4,9

0,4

3,9

3,5

-0,5

1,4

median corner house

5,6

0,5

3,9

3,9

-0,4

1,8

median duplex house

6,2

0,5

3,9

4,1

-0,3

2,0

median detached house

7,6

0,7

3,9

4,4

-0,2

2,5

low heat/low power

2,6

0,3

3,9

1,9

-0,9

0,4

high heat/low power

7,0

0,8

3,8

4,6

-1,1

3,0

low heat/high power

5,3

0,2

4,0

1,9

0,5

0,4

high heat/high power

9,7

0,7

3,9

4,6

0,3

2,9

It becomes visible that the avoided CO2 emissions are the highest for the SOFC with continuous
and heat-led control. This is understandable because these types produce (and export) the most
electricity. Also a significant CO2 reduction is made with the PEMFC followed by the Stirling engine
with fewer savings. The least savings are made with an electricity-led SOFC that hardly even
avoids CO2 emissions. Nevertheless, this study uses a quite simple approach and does not include
environmental effects of production processes, transport, etc. It is therefore recommended to
perform lifecycle-analyses to determine the overall environmental impacts of the systems.
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5. OUTLOOK
5.1 I NTRODUCTION
In chapter 3 was analyzed how progress from experiments in technological niches has lead to the
current status of the three threaded types of micro-CHP. Chapter 4 focused on techno-economical
performance which is widely considered to be one of the main issues that is hampering micro-CHP
adoption. Nevertheless, the decision to adopt micro-CHP also involves many other considerations
such as internal and external motivation, sensitivity to persuasion and strategic attitude. Sauter &
Watson (2007) argued that different deployment models for micro-generation technology could
have different impacts on the decision whether to adopt micro-generation technology. They
introduced three deployment models for micro-generation in the UK. Each model explores a new
possible socio-technical configuration with different roles for the actors involved. In this chapter
the three deployment models are introduced as transition pathways and it is qualitatively
argumented how suitable the three pathways are in relation to the currently available micro-CHP
systems. In addition, comments are made about the suitability of the models in a Dutch context
and about the best corresponding prime mover diffusion scenario (see Figure 5-1).

F IGURE 5-1: S TIRLING ENGINE AND F UEL CELL MICRO -CHP DIFFUSION SCENARIOS
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with high power demand. The heat demand of the household where the SOFC-system is located is
less important since the high electrical efficiencies limit the amount of produced heat; in most
cases a small amount of heat is useful throughout the whole year (especially with heat storage).
For this pathway, prime mover scenario B in Figure 5-1 is considered as the most probable
scenario until 2030. Scenario A seems less likely it is expected that fuel cells systems will have
similar prices as Stirling engine systems but will create more costs savings for all households.
Scenario C is however also a realistic possibility because much advancement still has to be made
before domestic fuel cells are ready and it remains uncertain whether this is actually feasible.

5.3 P ATHWAY 2: C OMPANY

CONTROL

“When it comes to spreading the technology to a wider public—or ‘early majority’ in Rogers’ term—
company involvement may have to change from a back-up role to a leadership role” (Sauter &
Watson, 2007). This introduces the second micro-CHP pathway ‘company control’. In this pathway
the micro-CHP is owned by an energy service company (ESCO) or traditional energy utility which
might use marketing and (lease) contracts to persuade people to install micro-CHP in households.
This can, among other things, reduce the barrier of high up-front investments. Subsequently, the
energy company will match supply and demand by controlling the fleet of individual systems from
a central place. In this way micro-CHP can be used as a substitute for central power generation, it
thereby thus functions as a ‘virtual power plant’ (VPP) 12.
The household is relatively passive in this pathway and has in fact little influence. It is providing
space for the micro-CHP and it can make use of the heat that is produced from the micro-CHP.
However, since a household cannot control the micro-CHP, the heat supply is dependent on when
the energy company decides to operate it. In this pathway households will therefore still be
(partially) dependent on conventional heating or large hot water storage units.
If this transition pathway will be taken towards an energy system with high micro-CHP
penetrations, the controllability and efficiency of the systems are essential. In order to find a
match between the supply and demand of electricity the systems should be able to modulate their
output. This task is currently carried out by modulating (mainly fossil) central power plants.
However, when micro-CHP will replace central power generation this role thus needs to be taken
over by the micro-CHP system. Since some electricity-led control will always be present, a high
electrical efficiency is crucial when ‘company control’ will be the chosen pathway to a micro-CHP
energy regime. If electrical efficiencies are low, this means that more emissions will be produced
per kWh and households can get stuck with more heat than they need and at times they do not
need it. These combined arguments result in the fact that, again based on the current state-ofthe-art of fuel cell technology, PEMFC micro-CHP systems seem the most appropriate in this
pathway. Stirling engine systems show too low electrical efficiencies to control them based on
electricity incentives and SOFC-systems still appear difficult to control. Reported difficulties include
the inability to shut down, relatively slow ramping-rates and a strongly decreased lifetime of cell
stack compared to when the stack would be continuously operated. However, much is research is
12

Under the EU 5th Framework Programme, a field trial with a configuration of 31 centrally controlled PEMFC micro-CHPs at
different locations across Europe was carried out from 2001 to 2005, (more info: EC, 2005).
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done in the SOFC field so technical advancement can improve this situation in the future. The
‘innovator’ and ‘early adopter’ groups will probably be households with larger heat demands. The
electricity demand is less important since the controlling energy company will not necessarily care
to whom its energy is sold. Households with large heat demand will maximize the CHP advantage
since even at higher electrical output much of the produced will be useful. An additional advantage
is that households with high heat demands are generally large and have therefore a higher chance
on that space is available for the installation of a micro-CHP system. Prime mover scenario B in
Figure 5-1 thus seems the most likely for this pathway.

5.4 P ATHWAY 3: C OMMUNITY

MICROGRID

The third pathway is based on households that decide to pool their energy production in order to
create a local ‘microgrid’. This implies that consumers have responsibility over the control of their
systems but also need to contribute to a guaranteed supply-demand balance. Since this so-called
‘grid optimization’ is done inside the local microgrid the network is not necessarily connected to a
central network anymore. The (financial) motivation that consumers have to get involved in a
microgrid for instance is that they are shareholder in their community energy company (Sauter &
Watson, 2007).
This pathway requires far-reaching institutional, behavioral and technical changes. The role of
energy companies seems to disappear although possibly these companies can transform to
suppliers of energy systems and technical controllers. Consumers are highly involved because of
their role as energy supply. Also, parts of the centralized electricity network can become abundant
(Faber & Ros, 2009). Whether micro-CHP will play a role in such a community microgrid is still
ambiguous. Especially when local system services such as large electricity storage will be used the
desirability of micro-CHP is doubtful. After all, micro-CHP makes use of natural gas which will still
create dependency on central energy supply. In principle, this is not the idea of a microgrid. It
may logically focus to maximally make use of energy from renewable resources.
A possible function for micro-CHP can emerge when hydrogen is used for energy storage. Since a
large (preferably renewable) generation capacity is installed near microgrids it is likely that solar
and wind energy supply more electricity than is demanded at some parts of the day. Again, some
electricity-led control will be necessary. The power surplus can then be used to split water into
hydrogen and oxygen. In this way energy is ‘stored’ and can later be converted back to electricity
via fuel cell systems. The advantage of micro-CHP systems is that both the electricity and released
heat is useful. Forecasts state that the converging decentralized communications technology and
distributed hydrogen energy technology marks the next great turning point in the way people
organize the energy of the planet (Rifkin, 2002). However, huge investments have to be made to
make such a (hydrogen based) microgrid possible. It is therefore difficult to predict whether a
pathway to a community microgrid is realistic between 2010 and 2030 and it remains even more
difficult to forecast what role hydrogen and fuel cells will play in such systems. An explorative
experiment of a building that uses photovoltaic generation and hydrogen storage in combination
with a PEMFC fuel cell and electrolyzer is described by Darras et al. (2010). However,
investigations funded by NASA are currently also developing reversible PEM and SOFC systems
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that can convert electricity to hydrogen and back (respectively: Bents et al., 2005; Cable et al.,
2008). However, since in this stage it is highly speculative to estimate whether these types of
technological systems will ever become economically feasible prime mover scenarios B and D are
now considered as the most likely scenarios in Figure 5-1.

5.5 C RUCIAL

UNCERTAINTIES

The three pathways that were described in the previous three subchapters have been introduced
to cope with uncertainties about the future energy regime. By elaborating on four key micro-CHP
uncertainties this subchapter tries to give an indication of expected developments and why they
will influence the suitability of micro-CHP pathways.

5.5.1 S Y S T E M

DESIGN

&

C O ST S

Since the current Stirling engine system design is becoming more and more stable it is expected
that it will evolve in a more incremental way. Technically the system is almost ready for market
distribution but there is still a lacking consumer market present. Cost reductions (or shifting by for
instance subsidies) are therefore as one of the main factors for Stirling engine micro-CHP diffusion
at the moment. “It is generally assumed that private households only invest in energy efficiency if
payback times are in the range of a few years” (Sauter & Watson, 2007). The sensitivity analysis
in appendix D shows that the consumer investment has to decrease with about fifty percent to
approach the range of ‘a few years’. If electricity prices increase and gas prices remain the same
or both will increase with the same proportion payback times will decrease. Table 5-1
demonstrates what costs savings are considered feasible by system manufacturers:
T ABLE 5-1: M ICRO -CHP MASS PRODUCTION CONSUMER PRICE EXPECTATIONS

Costs for 1 kW systema [Euro]

Stirling engine

SOFC

PEMFC

3.500-5.000

6.000-10.000c

10.000-12.000

Prime moverb

?

200-400

400-600

Inverter

-

200-300d

200-300d

Integrated system

a

b

Including VAT Fuel cell stack or Stirling engine + generator
electronics manufacturer Exendis

c

based on CFCL (CFCL, 2010)

d

indicated by inverter

In fuel cell micro-CHP technology more radical improvements are still expected: its design is still
very flexible. This also involves more uncertainty about future prices. For instance, operating
temperature reduction can radically decrease SOFC prices whereas higher operating temperatures
can increase PEMFC utilization and thereby increase savings. Expectations of different market
parties diverge but several field trials and construction projects for mass manufacturing plants
have recently been started up and a commercial market introduction is expected between 2015
and 2020.

5.5.2 F E E D ‐ IN

TARIFFS

As was explained in paragraph 4.7.3 the prevailing feed-back regulating for households is based
on balancing. The balancing limit is expected to be raised from 3000 kWh to 5000 kWh on a
relatively short term. However, simulation outcomes show that this will probably not create strong
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improvements in cost savings by for instance the Stirling or SOFC system. For Stirling systems this
simulation outcome can be explained with that it does not produce large quantities of electricity.
Thus, a large share of the electricity is still purchased from the grid and, since the remaining

Annual energy ccst savings (€)

(exported) electricity hardly ever crosses the 3000 kWh boundary, this limit is not really relevant.

€ 2.500,00

Balancing until 3000 kWh
(standard)

€ 2.000,00

Balancing until 5000 kWh
(proposal)

€ 1.500,00

Equal import & export tariffs

€ 1.000,00

British micro‐CHP tariff
structure

€ 500,00
€ 0,00
Stirling system, high heat/high
power

SOFC BL, low heat high power
household

F IGURE 5-3: A NNUAL SAVINGS BY FEED - IN TARIFF STRUCTURE

For the fuel cell systems almost an opposite situation exists. Since the fuel cell systems that were
used in the simulations model had high outputs they were able to provide in a very large share of
the on-site electricity demand. As a consequence only a small amount of electricity had to be
purchased from the grid. The balancing limit is therefore often much below the 3000 kWh level
and extension of this limit is therefore also hardly ever relevant.
Another remarkable characteristic of the balancing regulation is that it gives no incentive to use
the produced electricity on-site. To improve the stability of the grid, on-peak power generation is
of course much more attractive than off-peak generation. Various trials and investigations are now
focusing on dynamic pricing that provides incentives to match electricity production and
consumption. Perhaps this will in the future lead to the introduction of variable energy tariffs.
An option to promote the use of distributed generation is to make import and export tariffs equal.
As Figure 5-3 illustrates, the annual savings will increase in many cases. However, this regulation
faces much opposition because it can create a situation that consumers can fully balance their
electricity consumption which will lead to a situation where electricity supplier face costs for
consumers to supply electricity at peak moments whereas they cannot reclaim these costs from
the consumer (Tweede Kamer der Staten-Generaal, 2008).
Another perspective can be derived from a recent change in the British feed-in tariff structure. In
April 2010 the UK Government introduced a feed-in tariff to accelerate the market uptake of micro
generation products. The regulation provides about 12 ct per kWh for all electricity that is
generated on-site and provides an additional 3,5 ct per kWh when the electricity is also exported.
As Figure 5-3 illustrates, especially households with large consumption levels that can use the
generated electricity on-site have major benefits from this regulation (UK Government, 2010).
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5.5.3 E N E R G Y

IN F R A S T R U C T U R E

Several subsequent simulations and field trials have indicated that micro-CHP integration in the
electricity grid will not cause many conflicts with the electricity grid. A simulation study with a 1
kWe heat-led SOFC micro-CHP concluded that the system “could be installed in a number of
households without causing any problems with the capacity of transformers, cables or voltage
configurations” (Van Lumig & Locht, 2009). Nevertheless, interaction with both gas and electricity
energy networks will almost certainly remain present and should therefore continue to be a point
of attention in further micro-CHP development.
Natural gas network
In the Netherlands normal residential gas connections can supply a volume flow of natural gas up
to 6 mn3 per hour (Nispeling, 2010). The performed simulations show that the highest volume flow
that was reached in the worst case scenario (high heat-high power household; 3kW PEMFC) was
just over 2 mn3 per hour. In conventional boiler systems high volume flows were reached at peaks
in hot water demand. Since the simulated systems are all combined with hot water buffers these
peaks are reduced. However, since all situations resulted in a higher cumulative natural gas
demands critically designed distribution networks can be confronted with problems when high
penetrations of micro-CHP systems are realized. At low penetrations no problems are expected.
The first problems will occur on cold winter days; substandard pressures near the final meshes in
the network can result in gas supply problems for some households.
Electricity distribution network
Micro-CHP systems might also have impact on electricity distribution networks. Distribution
networks were traditionally not designed for distributed generation systems. Nevertheless, several
studies and tests have already indicated that at least with the integration of 1 kWe systems no
problems are expected. It should, however, be noted that all mentioned simulations and trials
were based on systems with an electrical output of 1 kWe whereas residential fuel cell systems
with an output of 2 kWe (or sometimes even more) are also common. Thus, vigilance remains
necessary. This chapter shall therefore highlight some of the attention points: losses, voltage
control, power quality, short circuit power and system protection.
Techniques
Diverging technologies are used to transform mechanical or electrochemical power into 230V AC
power which is standard in most European countries. The following three generation technologies
are currently used in micro-CHP products:
•

Synchronic oscillating generators (e.g. beta type Stirling engine)

•

Asynchrone generators (e.g. alpha type Stirling engine)

•

Power electronics converters (fuel cell systems)
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Losses
As a rule of thumb, total distribution network losses always decrease when micro-CHP is installed,
although losses in some lines can increase. Less absolute energy has to flow from the substation
through the network to reach the consumers and this results in reduced losses in transportation
networks.

However,

only

if

in

a

given

distributed

network

micro-CHPs

would

produce

approximately twice or more than the load in that distribution network, losses in the distribution
network will be larger than usual (Ackermann & Knyazkin, 2002).
Voltage control
The voltage level must be kept in a specific range. In the Netherlands this is 230 V with a
maximum deviation of ±10%. This is a dynamic control process since load currents vary because
equipment in the distributed network is constantly turned on and off. Since traditionally voltage
control is carried out by tap chancing transformers similar voltage drops are assumed in all lines
downstream from the transformer (Ackermann & Knyazkin, 2002). However, micro-CHP can raise
the voltage in one stream whereas for instance in another stream voltage levels drop because of
high load situations. Central voltage control by a tap chancing transformer could in that situation
increase the voltage level and therefore cause overvoltage near the micro-CHP line. Nevertheless,
modern communication systems and measurements at different lines can easily avoid these
problems. But, especially with Stirling engine systems that have lower efficiencies using micro-CHP
for voltage control seems not a very straightforward solution (Cobben, 2007).
Power Quality
Power quality problems related to distributed generation focus mainly on aspects of voltage flicker
and harmonics. Voltage flicker is a visual impression of unsteadiness that can be noticed by lamps
that show abnormal light production. Micro-CHPs can intensify these problems when for instance
many systems installed in large density will simultaneously start-up after power outages. This
effect large depends on the control mechanism, but with a large number of units this can lead to
problems. Especially with continuously operating systems or heat-led systems on a cold winter day
all will directly startup directly after the power outage which will result in an extra voltage drop
(Paddock trial reports, 2006; 2008).
The other power quality issue that is paid attention to is harmonics. It has proven very difficult to
inject micro-CHP current to the grid in the same perfectly formed sinus shape as large generators
from central power plants can. An example of an imperfect sinus shape is shown in Figure 5-4.
Deviations are undesirable since they can cause extra power losses, malfunctioning of load and
control systems, and decreasing lifetime of motors, transformers, capacitors, banks and other
equipment. However, the deviation that is displayed in Figure 5-4 is still very acceptable and
unlikely to cause problems. In this perspective fuel cell systems can have an advantage because
with power control systems these issues can easily solved by reducing starting current reductions
and making use of recent advantages in semiconductor technology (Ackermann & Knyazkin,
2002). However, since that micro-CHP producers are making huge efforts to decrease system
56

prices and converter electronics of a higher quality are much more expensive, this remains a point
of attention.

F IGURE 5-4: H ARMONIC DEVIATION FROM S TIRLING ENGINE MICRO -CHP CURRENT
(S OURCE : P ADDOCK TRIAL REPORTS , 2006; 2008)

Short circuit power and protection
In distributed networks protective relays and systems are integrated to disconnect short circuit
faulty equipment as quickly as possible. The integration of micro-CHP systems may alter the
functionality of these systems since the pattern of power flow might change. It is decided to not
further elaborate the possible problems in this field since this is only weakly related to the this
report and is highly dependent on a very large number of specific factors (e.g. technology type,
operation mode, interface, system voltage prior to fault, etc).

5.5.4 H O U S E H O L D

C ON S U M P T I O N : N E W L O A D S

&

PROFILES

Chances are high that both heat and electricity load profile of Dutch households will change in the
next twenty years. The rise of electric vehicles (EVs) and heat pumps are often considered as
important variables. Faber & Ros (2009) explored several electricity load scenario’s in Figure 5-5:

Reference (2006)
Business as usual, higher consumption
All electric households (few EVs)
All electric households (many EVs)
Maximal DG

Variation over neighborhood type

F IGURE 5-5: E LEC . DEMAND PROFILE HOUSEHOLD 2050 ( SOURCE : F ABER & R OS , 2009)

Figure 5-5 includes five projections of average household electricity profiles in 2050. The maximal
DG scenario implies that households have large surfaces of photovoltaic panels installed. It is
expected that the different load profile change would dramatically change the picture for micro57

CHP. Also the total annual consumption levels would change although this study has tried to
overcome that to some extent by selecting multiple reference households. For instance, a median
corner house in 2050 could perhaps resemble the low heat/high power scenario. It should be
noted that wide-scale adoption of heat pumps will not necessarily eliminate the possibilities for
micro-CHP. In most cases more electricity will be needed for the household at moment of heat
demand so micro-CHP electricity would result in more savings and when the electricity produced
by one household would resemble the electricity needed for the heat pump of another household
the two would thus also complement each other (Faber & Ros, 2009).
In addition, the Dutch government is aiming to decrease the energy use of houses. Newly built
houses have to meet so-called energy performance coefficients (EPC) that are gradually lowered
over time. Recently was announced that from 1 January 2011 the EPC will be lowered from 0.8 to
0.6 which means that the building-related energy consumption has to decrease with another 25%
(SenterNovem, 2010). Since all simulations have indicated that higher savings are created in
households that have higher energy consumptions this means that both fuel cell and Stirling
engine micro-CHP will become less attractive for new buildings. In addition, one interviewee
expressed that he expects that new houses will not be equipped with natural gas connections
anymore. This will obviously become an additional barrier for micro-CHP.

F IGURE 5-6: D UTCH HOUSEHOLDS BY YEAR OF CONSTRUCTION

Nevertheless, the histogram in Figure 5-6 that was created from the WOON 2009 data shows that
there still is a very large share of older houses present. At the time of survey13 about 92 percent of
the houses were constructed before 2000. In addition, older houses require higher central heating
water temperatures which are difficult to achieve with for instance heat pumps. This means that
despite that micro-CHP is likely to be mainly applied in older houses this does only marginally
decrease market opportunities; enough older houses still exist to create a significant potential
micro-CHP market.
13

The survey was carried out between September 2008 and April 2009, shortly after that the dataset was complemented with
other registry data.
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6. CONCLUSION
Throughout this thesis four sub questions have been systematically answered with the purpose of
answering the following main research question:
What are the opportunities and barriers for market diffusion of Stirling engine,
proton exchange membrane fuel cell and solid oxide fuel cell based micro combined
heat and power systems among Dutch households in the next 20 years?
The first sub question “What is the current status of micro-CHP in the Netherlands and how did this
historically form?” was answered by a milestone-based historical description of the emergence and
stabilization of Stirling engine, PEMFC and SOFC micro-CHP niches. Since about decade, a rapidly
grown network of newly established engine producers, boiler manufacturers, energy companies,
and other actors has been internationally in front and has tested about a thousand Stirling engine
systems in field trials in the Netherlands alone. With only a handful of field trials and considerably
smaller social networks both the Dutch PEMFC and SOFC niches are much less developed.
Traditionally, Dutch organizations (e.g. ECN, Philips, AKZO) possessed much knowledge about all
three core technologies but for all niches has been observed that foreign industries are now
catching-up. However, these knowledge spillovers that were often created by strategic alliances,
outsourcing and takeovers are relatively positive for the Dutch industry since they contribute to
overcome one of the main micro-CHP challenges: decreasing its price.
For answering the second question “What opportunities and barriers can be derived from recent
experimental projects with Stirling engine, PEMFC and SOFC micro-CHP systems??” the Stirling
engine, PEMFC and SOFC niches have respectively been analyzed based on respectively three, four
and four trials. The Stirling engine micro-CHP is clearly the most developed niche while learning
processes resulting from several trials have contributed to a more and more stabilizing design.
Much uncertainty caused by a strong technology push, slow learning processes and interrelating
niches have however nuanced the expectation level that was initially very high. The identified
barriers include the ad-hoc nature of the purchase decision, installation difficulties caused by its
large size and weight, noise production and lack of internal and external motivation because
micro-CHPs have hardly any sex-appeal. Positive expectations seem to have shifted to SOFC and
PEMFC niches although realistic expectations point at a still weakly developed niche with a
premature technology and a small number of trials. Stabilization processes still include
experimentation with different materials, dimensions and operating temperatures in order to
overcome robustness, lifetime, and price barriers. It is expected that the introduction of the first
commercially attractive design will take at least another 5-10 years. Considered the prospects
about system lower complexity, lower potential prices and an expected lower thermal-to-electricity
ratio, expectations for micro-CHP applications are slightly higher for SOFC- than for PEMFCsystems.
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In order to answer the third question “Which household energy consumption profiles will be the
most suitable for which type of prime mover technologies?” a simulation model has been built.
Based on external data from Ecofys and the ministry of Housing, Spatial Planning and the
Environment eight referential household heat and electricity demand patterns were assumed. Four
situations resembled very standard households and the other four represented quite extreme
situations. Technological behavior of the micro-CHP was based on manufacturer data of close-tomarket systems but has been complemented with assumptions when necessary. The results led to
four key findings:
•

Micro-CHP will reduce CO2 emissions in virtually all situations but NPV pay-back periods
are larger than 10 years in all cases. The shortest payback time (11 years) is found for a
Stirling engine system in scenario with an extremely high heat and electricity demand
(102 GJ, 6073 kWh). Thus, even with current government subsidies and feed-in tariff
regulations micro-CHP is not profitable from a consumer perspective at this moment.

•

For standard households consumption situations was learnt that costs savings are roughly
proportional to household size. For instance, Stirling systems constantly saved between
15-20%. Roughly this same ratio results in annual savings of approximately 275 euro for
a median row house whereas it would lead to savings of approximately 450 euro in a
median detached house.

•

In contrast to many other studies, the model showed that high electricity consumption
increases micro-CHP savings whereas previous studies mostly emphasized at heat
consumption as the key determinant in micro-CHP savings. This is a result of the
balancing regulations. The extreme situations with high heat/low power and low heat/low
power are thus less suitable for all considered micro-CHP variants.

•

Continuous operation seems the best operation strategy for high efficiency fuel cell
systems. On the one hand will continuous operation produce similar energy cost savings
and CO2 emission savings as heat-led operation whereas on the other hand continuous
operation will have a more attractive effect on the lifetime of the fuel cell stack. However,
advancement in fuel cell technology (e.g. development of more robust cells, quicker
ramping times) could change this picture in the future.

To answer the fourth sub question “Which micro-CHP transition pathways are possible and which
key variables will explain the market diffusion process until 2030?” it was substantiated how well
state-of-the-art micro-CHP systems fit in the three deployment models by Sauter & Watson
(2007). Their models “Plug & Play”, “Company Control” and “Community Microgrid” were
integrated with conclusions from the SNM and techno-economical analyses. Of the three pathways
the “Plug & Play” scenario is the most likely to occur between now and 2030. It will start-off with
the adoption of Stirling engine systems by households that have large heat and large electricity
demands. Depending on how well their costs are reduced and reliability improves, fuel cells might
replace the Stirling engine from 2015 or later. Long term co-existence of Stirling engine and fuel
cell micro-CHP is not considered very likely; fuel cells can potentially reach similar prices but
produce higher savings for roughly all household types and also show some additional advantages.
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Thus, if the inexpensive reliable domestic fuel cell will ready earlier than its rivals (for instance
inexpensive and high round-trip efficiency energy storage), replacement of the Stirling engine as a
prime mover in micro-CHP is a good possiblity.
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7. RECOMMENDATIONS
This research has resulted in several recommendations. There is made a distinction between
recommendations related to further research, to the DNO and to the micro-CHP industry:
Further research
-

On the one hand the SNM-framework assumes that diversity is productive for niche
development, because it enhances learning and network development, while it on the
other hand says that too much diversity prevents full commitments, fragments resources
and hampers the emergence of a stable set of rules. More research about this diversity
dilemma would be welcome, especially when a trade-off point or area would be indicated.

-

Make life-cycle analyses with equal assumptions to compare and position which energy
technology investment (e.g. in a gas/electrical heat pump, photovoltaic panel, solar-boiler,
micro-CHP) is environmentally the most attractive for households (per unit of investment).

-

Investigate alternatives for the current balancing regulation. Especially because it gives no
incentive for on-peak generation it does not seems to fully serve its target.

-

Investigate the environmental value of micro-CHP at a system level at the end of the three
different pathways. Hereby changed behavior and resulting emissions of central generation
also needs to be taken into account.

Distribution Network Operator (DNO)
-

Investigate the economic value of micro-CHP for the DNO given the different pathways,
such as network investment postponement, reliability improvements and reduced line
losses.

-

Investigate whether the DNO is a suitable party to control the micro-CHP in the ‘company
control’ scenario.

-

Initiate or participate in early field trials with promising integrated domestic fuel cell
systems. Create a well-balanced portfolio of experiments with promising systems that are
in different stages of development and distributed over the different pathways. When
taking part in these trials, then express preferences and bottlenecks from a DNO
perspective. (For instance, network issues, e.g. caused by harmonics can potentially be
prevented when higher quality inverter is selected, gas and electricity capacity problems
can be avoided when systems will have suitable outputs, etc.)

Micro-CHP industry
-

Involve gamma scientists to do more research on the decision making process of
consumers when they need to replace their boiler. This can, for instance, indicate which
group of consumers will be willing to invest more for micro-CHP and what role payback
times really play in this decision.

-

Many actors, including consumers, believe that fuel cells are always dependent on a pure
hydrogen supply and will only be useful in a hypothesized hydrogen economy. The industry
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needs to better communicate that fuels and hydrogen are not always a necessarily
interweaved.
-

Improve trust in the network by honest communication. Network actors have lost trust
because the industry was not able to live up to their expectations. Micro-CHP diffusion has
higher chances on success when network actors are transparent and complete about the
techno-economical performance, uncertainties and expectations of micro-CHP.

-

Focus on strong cost price reductions and durability improvements.

-

Investigate the feasibility of reversible fuel cells that can store (renewable) energy as
hydrogen and thereby function as distributed energy storage.
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8. DISCUSSION
What has been the use of an investigation on pathways with still exotic technologies that may or
may not be part of the energy system of the future? For starters, this study has combined
knowledge from experimental projects in technological niches, simulations with state-of-the-art
technological performance, and distributed generation pathways derived from the literature. These
three combined elements created a new explorative system study approach and understanding of
what technologies will probably be used in which pathways. However, the deliberate decision to
use three relatively brief analyses, instead of a single very elaborate one, also has some
drawbacks. The validity of the SNM analysis could probably have been increased when more
projects were reviewed and more interviews would have been done. The behavior of the microCHPs systems in the techno-economical analysis would probably have been more realistic when
real test data would have been used instead of manufacturer specifications, simulations and
assumptions. Some of the assumptions strongly limit this analysis which results in that thirds
should interpret the simulation results with extreme caution. The techno-economical analysis was
based on three different systems that are in different stages of developments and have different
dimensions. In a way, it is to some extend comparing apples and oranges. For instance, a 3 kWe
PEMFC unit had been selected which, as appeared in moderate cost savings for especially smaller
houses, was too large for Dutch households. This should, however, never be interpreted as that
PEMFC is not suitable for Dutch households. Systems with an output of 1 or 2 kWe systems could
have strongly different performance. In addition, especially the fuel cell systems are still subject to
intensive R&D activities and thirds should therefore be extremely about linking characteristics of
the discussed systems to PEMFC, SOFC or Stirling engine systems in general. The same is true for
prices; much R&D is focusing on decreasing prices so thirds should always contact manufacturers
to be informed about specific price levels. Nevertheless, it should be noted that only a very little
amount of integrated residential systems has been developed and thus that there were not many
alternatives present. In general, a very reasonable amount of knowledge from widely diverging
sources has been collected to assure a correct representation of the state of affairs and shaping of
relevant pathways. At the time of writing the pathways are considered realistic and have been
formed with great care. Note, however, that the pathways should not be seen as statements of
what will happen but of what might happen, given the assumptions and methodologies used for
these particular analyses.
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A PPENDIX A: T ECHNOLOGY DESCRIPTIONS
In most literature, micro-CHP systems are distinguished by their technological cores: their
conversion technologies (prime movers). Many conversion processes are based on combustion and
subsequent conversion with a generator. This is often referred to as mechanical conversion
methods. For micro CHP the most common mechanical conversion technologies includes internal
combusting engines (ICE), micro gasturbines, organic rankine cycles (ORC), and Stirling Engines.
Alternatively, there are conversion technologies that are based on electrochemical processes,
particularly proton exchange membrane and solid oxide fuel cells.
ICE micro-CHP systems are based on piston engines similar to those that are used in automobiles.
A mixture of gas and air is ignited and explosions in the cylinder cause pistons to move the
crankshaft. The crankshaft drives a generator to produce electricity. The released heat is
transferred to a central heating system via one or more heat exchangers. Although they still allow
energy and emission savings compared to conventional generation, these systems have relatively
low electrical efficiencies that decrease at part load operation (Possidente, Roselli, Sasso, & Sibilio,
2006). “At sizes below 15 kWe efficiency generally does not exceed 16%” (Pehnt, Micro
Cogeneration Technology, 2006). This low efficiency is caused by the fixed rotation speed and
unfavorable control by a throttle plate. The rotation speed is fixed because it is related to the AC
frequency14. A new development is to control the engine by a varying the rotating speed which has
the advantage to increase part-load efficiencies. Overall, ICE seems not spectacular suitable for
residential applications because of a relatively low efficiency, high noise level, high NOx and CH4
emission level, and its high maintenance requirements (van der Laag & Ruijg, 2002).
Micro-CHP based on gas turbines in the 1-5 kWe range are being developed at the moment. In the
Netherlands, for instance, the firm Micro Turbine Technology (MTT) is developing a 3kWe gas
turbine for micro-CHP systems. Gas turbines offer some potential advantages compared to other
mechanical technologies. They have, for example, a compact size, have low-weight per unit power
and small number of moving parts. A major problem is the very high costs of the regenerator.
Beside these high costs, efficiency, durability, reliability and environmental emissions also still
form barriers to implementation (Pilavachi, 2002).
More progress has been made with the development of organic rankine cycle based micro-CHP.
Some authors expect that after the Stirling engine this will be the next available micro-CHP
technology (Six, Vekemans, & Dexters, 2009). ORC is very similar to the normal rankine cycle but
instead of water an organic working fluid is used as working fluid for better efficiencies. The main
advantage is that it expected to be manufactured for low costs but it has the disadvantage of a
very limited electrical efficiency of about 8-10% (Schuster, Karellas, Kakaras, & Spliethoff, 2009).

14

In Europe the grid frequency is 50Hz which usually corresponds to a fixed internal combustion engine rotation speed of 1500
rpm or a multiple of this. Likewise, the US grid frequency of 60Hz corresponds to the rotation speed (or multiple of) 1800 rpm.
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Commercial actors like OTAG, Cogen Micro, Energetix Genlix, Turboden and Daalderop are
developing these systems.
Nevertheless, a majority of the authors currently regard Stirling engines and on the longer term
fuel cells as the most applicable technologies for micro-CHP (e.g. Alanne & Saari, 2004; Dorer,
Weber, & Weber, 2005; Hawkes & Leach, 2007). Also, authors focusing specifically on the Dutch
market expect Stirling engine (and sometimes the ICE engine) to be initially the most appropriate
technical core of micro-CHP whereas it on the longer term will be replaced by a fuel cell (e.g.
Houwing, Heijnen, & Bouwmans, 2006; Londo, 2005; van Soest, 2006). Therefore, the Stirling
system and two most important fuel cell system will now be discussed in more detail.

A‐1 S TIRLING E NGINE
If, in the Netherlands, one type of micro-CHP is approaching a market break-through it is
undisputedly the Stirling type. Unlike internal combustion engines, Stirling engines generate heat
externally in a separate combustion chamber (furnace). The Stirling engine is therefore sometimes
also referred to as an external combustion engine.

F IGURE A-1: S TIRLING BASED M ICRO -CHP SYSTEM (S OURCE : T HOMBARSE , 2008)

The main components of Stirling systems are schematically represented in Figure A-1. Since a
Stirling engine is only economical when it is controlled on heat demand the furnace will not start
burning fuel before a thermostat gives a heat demand signal. When the main burner is started the
heater heads will be heated by the hot combustion gases. At a certain temperature the engine
starts running and a generator will transform the kinematic energy into AC electricity. This is done
by using expansion and contraction of a working gas to move one or more pistons inside the
engine and thereby moving a linear or rotating generator. The working gas, often air, helium,
nitrogen or hydrogen, is moved from the hot side to a cool side. However, there are multiple
configurations of how this process is arranged. Mechanically, Stirling engines can be categorized
II

into three main groups, Alpha, Beta and Gamma arrangements. The most common manufacturers
of Stirling micro-CHP systems include Ariston, Baxi, Disenco, Enatec, Remeha, Siemens,
Sunmachine, Viessman and Whispergen.
The first commercial player selling Stirling micro-CHP units on the Dutch market was WhisperTech.
It uses an Alpha type engine configuration (Paddock Trial, 2006). The Alpha engine is conceptually
the simplest Stirling engine configuration and is schematically represented in Figure A-2.

F IGURE A-2: S CHEMATIC DIAGRAM OF A LPHA E NGINE ( SOURCE : U RIELI , 2010)

The operation of this engine can be described in four steps. First, the working gas is moved into
the expansion space of the cylinder. Second, the continuous heating provided by the heat source
expands the working gas and moves the piston to the lower part of the cylinder which creates
power. Now, the moment of inertia of a flywheel moves the piston upwards and moves the
working gas into the compression space of a second cylinder. There the pressure decreases by
contraction of the working gas and the piston moves down again which also creates power. Notice
that in the interconnection between the cylinders the cooler, regenerator and heater control the
temperature of the working gas. The pistons are typically driven by a swashplate, resulting in a
rotary motion having a 90 degree phase difference between the adjacent pistons (Urieli, 2010).
A commercial party from the U.S., BG group, has developed a free piston Stirling engine (FPSE)
which is a Beta arrangement. The current Remeha eVITA and Baxi Ecogen are powered by this
engine. A similar FPSE micro-CHP design is based on the Infinia engine that is currently being
developed by a consortium of Rinnai, Enatec, Bosch and Ariston but will appear on the market in
one or two years. Since this a reciprocating movement in axial direction is made, these systems
use a linear generator. This Stirling engine type consists of a cold compression zone and a hot
expansion zone between which the working gas flows. The hot zone is heated by a gas burner and
III

the cold zone is cooled by means of water. The principle structure of the engine is depicted Figure
A-3. Spring systems that keep the displacer and piston-generator-mover combination in place
have to be precisely tuned so that the engine frequency coincides with the electrical grid frequency
of 50 Hz (Micro-cogen B.V., 2010).

F IGURE A-3: P RINCIPLE STRUCTURE OF B ETA E NGINE ( SOURCE : U RIELI , 2010)

A Gamma engine also uses a displacer-piston configuration but, in contrast to the Beta engine, is
arranged in separate cylinders. The author is not familiar to any commercial applications of
Gamma engines in micro-CHP systems and will therefore not further discuss this engine type.
However, the performance of micro-CHP systems also depends on the degree to which the
released heat is useful to the consumer. Water is mostly pumped through engine cavities for
cooling the engine and receiving its heat and then circulated through exhaust heat exchanger
(economizer) where, ideally, condensation takes place for maximal fuel utilization. Exhaust heat is
also used to preheat the airflow that goes to the burner. The heat transferred to the water used for
central heating and domestic hot water. The exhaust heat exchanger also contains an auxiliary
burner that, depending on the heat load (water temperature), can switch on the auxiliary burner
to supply extra heat (Thombarse, 2008).
Furthermore, Stirling CHP systems contain electronics that manage the operation and monitors the
electrical output, timing, and central heating system operation for reason of safety, efficiency and
engine protection. Often some of the information is presented on a liquid crystal display (LCD).
Due to high thermal-to-electrical energy production ratios (TER) Stirling systems are usually
controlled by heat-led strategies. Too frequent switching would lead to inefficiencies and should
therefore be prevented with intelligent control and buffering.

A‐2 P ROTON E XCHANGE M EMBRANE F UEL C ELL (PEMFC)
Although different types of fuel cells have been developed, proton exchange membrane fuel cells
(PEMFC) and solid oxide fuel cells (SOFC) are considered the most suitable for micro-CHP
appliances. A good overview about different fuel cell materials and their most appropriate
applications can be found in Steele & Heinzel (2001). This subchapter focuses on microcogeneration with proton exchange membrane fuel cells (PEMFC) also known as polymeric
electrolyte membrane fuel cells.
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The development of PEM fuel cells was mostly advanced by the automotive industry, because
PEMFC is considered as the most suitable fuel cell type that could potentially substitute fossil fuels
and provide environmentally friendly automotive propulsion (Gencoglu & Ural, 2009). However,
since the number of fuel cells in a stack is variable, there are much more applications thinkable
than automotive propulsion only. Fuel cells have been demonstrated in buses, spacecrafts,
submarines, laptops, cellular phones and micro-CHPs. The PEMFC is characterized by its working
conditions at a low temperatures of between 70-110°C that allow quick start-ups, a solid
electrolyte that prevents leakage, low corrosion levels and a high power density (Pukrushpan,
Stefanopoulou, & Peng, 2004). However, to create a robust natural gas fueled micro-CHP system,
PEMFC systems usually consist of four subsystems: fuel processing, the fuel cell stack, power
electronics and thermal management (Colella, 2002). The function of each of the subsystems will
now be discussed. Figure A-4 provides a schematic overview of a typical integrated PEMFC system.

F IGURE A-4: PEM F UEL C ELL BASED MICRO -CHP SYSTEM

Fuel Processing
As was explained in the introduction it is assumed that micro-CHP systems will be fueled by
natural gas. However, the electrochemical reactions occurring at the surface of the PEMFC’s anode
require a hydrogen feed and cannot cope with regular hydrocarbons. Therefore, a fuel processing
subsystem is required to reform natural gas into hydrogen-rich gases acceptable by PEMFCs. The
natural gas that is distributed to residential consumers mainly consists of hydrocarbons but also
contains sulfur compounds to odorize the otherwise odorless gas for safety reasons15 (de Wild,
Nyqvist, de Bruijn, & Stobbe, 2006). The first step is to remove these sulfur compounds that
otherwise would have very harmful effects to the subsequent reforming process and to the fuel cell
anode catalyst (Ersoz, 2008). A second step is to convert the fuel into hydrogen and the third step

15

In the Netherlands, and in most of Europe, approximately 18 mg m-3 TetraHydroThiophene (THT) is used to odorize natural
gas.
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is to clean-up the remaining CO and CH4. The “PEM fuel cell is very sensitive to CO because of its
poisoning or blocking effect on the precious metal at the anode side” (Ersoz, 2008).

F IGURE A-5: F UEL REFORMING AND CLEAN - UP ( SOURCE : E RSÖZ , 2008)

The reforming section contains of autothermal reformer (ATR), steam reformer (SR) or partial
oxidation reactor (POx) that are compared in a study by Ersoz (2008). In the clean-up section a
high- and low-temperature shift reactor produce a reformate gas that is allowed to consist of
hydrogen, carbon dioxide, water and some remainders of nitrogen and noble gases. Since the
PEMFC will be damaged by carbon monoxide the final remainders are removed on a parts-permillion level by a preferential oxidation unit (PROX, also known as selective oxidation, SELOX).
Fuel Cell Stack
The produced reformate gas is now fed to the anode of a fuel cell stack. A PEMFC consists of
multiple cells that each have a potential of between 0,5-1,23 Volts. Each cell consists of a positive
and a negative electrode that are separated by an electrolyte. The electrolyte functions as a
membrane that conducts protons but no electrons. Electrochemical reactions occur at the surfaces
of both electrodes. At the anode hydrogen molecules are split into two hydrogen ions (protons)
and two free electrons:

The hydrogen ions travel trough the electrolyte and at the cathode, oxygen from air reacts with
the hydrogen to form water.

Note that the free electrons that are produced at the anode and absorbed as reactants at the
cathode could not travel through the electrolyte but had to travel through an external circuit. This
is the useful electrical current. However, a single cell has only a small potential with a theoretical
maximum of 1,229 V for PEMFC. By connecting the cells in series a higher potential can be
achieved. The fuel cell stacks that are found in micro-CHP systems connect their individual cells by
bipolar plates. Besides that, the bipolar plates are also used to separate anode and cathode gases
and they therefore need to be conductive but gas impermeable. Figure A-6 displays the principle of
a PEM fuel cell stack consisting of two cells. Note that a typical stack consisting of much more
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layers (e.g. 50 cells) can easily be understood with same figure when multiplying the repeated cell
structure with the number of cells.

F IGURE A-6: P RINCIPLE PROTON EXCHANGE MEMBRANE FUEL CELL STACK

Power Electronics
As can be seen in Figure A-6 the current in the external circuit is one directional which means that
the fuel cell produces a direct current (DC). To make this power useful for residential load or feedin to the electricity grid power electronics is needed. “The power electronics consist of a DC-DC
converter to raise the C output voltage, which is generally the dc bus voltage, followed by a singlephase or a three-phase DC/AC inverter” (El-Sharkh et al., 2004). The inverter is a reasonably
expensive component of a PEMFC micro-CHP. Currently, it has an estimated price of between 750
euro/kWe but because of raised interest for several applications (e.g. photovoltaics) prices are
expected to further decrease. Unfortunately, converting the power also involves some losses.
Typically 90-96% of the power can be inverted. Furthermore, electronics are required to manage
the electrical current drawn from the system against that drawn from the grid.
Thermal management
The fourth subsystem is responsible for the heat flows. Since the reforming sections require higher
temperatures than is reached by the fuel cell stack some of the fuel is burned here. This reduces
the electrical efficiency because this amount of fuel quantity be used for electricity production
anymore. For physical reasons the fuel cell stack cannot use all the available fuel either. A share of
the hydrogen will leave the stack again and is burned in an afterburner. A heat exchanger captures
the heat for space heating and hot water purposes. This is done in a similar way as is done in
conventional gas boilers.
Striking is the observation that so far no dominant view has emerged on the optimal scale of
PEMFC micro-CHP systems. Different parties are developing systems with an electrical output of
between 0,5-10 kW for residential applications. Possibly this picture is caused by the convenient
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characteristic that PEMFC systems have a higher electrical efficiency in part-load situations.
However, the vast majority of the prototypes is controlled heat-led. El-Sharkh et al. (2004) report
a start-up time of an hour for most commercial fuel cell micro-CHPs and proposes that therefore a
minimum critical load (e.g. 10- 20% of its maximal output) should always be maintained where a
small amount of fuel is used to keep the reformer and stack temperatures at operating levels.
Overall, one of the main drawbacks of PEMFC micro-CHP systems is its high investment costs. A
PEMFC system is still roughly three times as expensive as Stirling system. The equipment costs
shares for each subsystem are estimated at 25–40% for the fuel cell stack, 25–30% for the fuel
processing subsystem, 10–20% for power electronics and also 10–20% for thermal management
equipment. Another 5–15% is estimated to go to ancillary subsystems as pumps and air blowers
(Onovwiona & Ugursal, 2006). Although a high electrical efficiency can be achieved the overall
efficiency remains relatively low. This is caused by energy consumption of fans and fuel processing
steps. Finally, because the stack needs to be replaced after about every two years stack
degradation also causes a limited lifetime to the system. Thus, despite that these items still form
barriers for a wide scale adoption, technological progress can possibly solve many of the issues.
Another important capability of micro-CHP systems is its ability to follow energy demand. Hamada
et al. (2004) report start-up and load following behavior of a 1kW PEMFC system. As is displayed
in Figure A-7 it took 55 minutes after a cold start and 88 minutes after a hot start to reach it
nominal output. In the tests the system had been stopped respectively for 60 and 1 hours. It was
reported that the start-up time was mainly dependent on the temperature of the reformer.

F IGURE A-7: R ESULTS OF PEMFC START - UP TESTS ( SOURCE : H AMADA ET AL . 2004)

Hamada et al. (2004) also report about transition times between different load factors. It can be
seen in Table A-1 that PEMFC need more time for increasing its output compared to decreasing it.
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T ABLE A-1: L OAD FOLLOWING TIMES ( SOURCE : H AMADA ET AL . 2004)

A‐3 S OLID O XIDE F UEL C ELL (SOFC)
The alternative fuel cell type that attracts much attention for micro-cogeneration applications is
the SOFC. The main difference with PEMFC is that the SOFC operates at much a higher
temperature (between 700-1000°C) which has some important implications. In the first place
there is no need to include a complex and expensive fuel processor subsystem like in PEMFC
systems. The high stack temperatures enable a hydrocarbon fuel to be catalytically converted
(internally reformed) into carbon monoxide and hydrogen (synthesis gas) within the actual cell
stack. Second, a SOFC micro-CHP system needs to have special components that can resist the
high temperatures. As a consequence probably only more expensive metals or ceramics will be
suitable (van der Laag & Ruijg, 2002). A great advantage of a SOFC system is its higher electrical
efficiency.

Another

advantage

is

that

the

stack

tolerates

carbon

monoxide,

which

is

electrochemically oxidized to CO2 at the anode, which –as is explained in the previous paragraphcontrasts markedly with PEM fuel cells that need to remove CO to a part-per-millions level
(Ormerod, 2003).

F IGURE A-8: S OLID OXIDE FUEL CELL BASED MICRO -CHP SYSTEM

IX

Fuel processing
A typical SOFC micro-CHP configuration is displayed in Figure A-8. Similarly to a PEMFC sulfur can
poison the anode of a SOFC and is therefore directly removed from the natural gas. This is a
reasonably straightforward process. Next, the natural gas is pre-heated and pre-reformed before
being fed into the anode side of the stack. In principle this is not entirely necessary since SOFC
stacks can reform natural gas internally. However, as local cooling effects may occur at the fuel
channel entrance and higher hydrocarbons tend to decompose at the high stack temperatures
some pre-reforming can avoid excessive thermal stresses and possible carbon deposition on the
anode (Hawkes et al., 2007).
Fuel cell stack
After the gas is pre-reformed it is fed to the anode via the bipolar plates. Different designs of cell
stacks have investigated during the last three decades, including various tubular and planar
designs. However, the principle remains the same. At the surface of the anode two oxidation
reactions take place:

The water that is a product of the first reaction will be removed via the bipolar plates and can be
recirculated and re-introduced to the hydrocarbon feed. The carbon dioxide that leaves the anode
reaction as well can be used as oxidant to produce synthesis gas from the hydrocarbon. At the
cathode side of the stack mostly air is used for the reduction reaction. Air is much more
economical than pure oxygen and can approximate the same performance. At the cathode the
following electrochemical reaction takes place:

In the same way as is done with the PEMFC multiple solid oxide fuel cells are stacked to achieve a
higher potential. The reactions cause a direct current into one direction which is the usable
electrical energy. The principle of a SOFC stack is displayed in Figure A-9.
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F IGURE A-9: P RINCIPLE OF SOLID OXIDE FUEL CELL STACK

Material compositions diverge but generally yttria-stabilized zirconia (YSZ) is used as a solid
electrolyte, the anode is generally made of nickel and the cathode is often made of strontiumdoped lanthanum manganite (Ormerod, 2003). Theoretically, a SOFC is considered to be able to
reach electrical efficiencies of over 80 per cent. However, in order to reach such efficiencies
conditions are required that are unrealistic for micro-CHP applications.

Thermal management
Since it is not practical to use all available fuel in the stack an afterburner burns the residuals to
maximize fuel utilization. The exhaust gas flows through multiple heat exchangers for recovering
the heat and use it for fuel pre-reforming the fuel, pre-heating the fuel and air, producing steam
and heating water for central heating.
Power conditioning
Obviously, a power condition subsystem is also required for SOFC micro-CHP systems. Since there
is no real difference with a PEMFC power condition unit is referred to paragraph A-2 for more
information about this subsystem.
SOFCs have limited maximum ramping times. “Thermal gradients across the cell, and rapid
changes in temperature of the entire cell can induce mechanical stresses that serve to cause
failure at the interfaces in the system” (Hawkes & Leach, 2005). In short, the relatively slow
ramping times are a consequence of the need to use relatively weak, brittle component as coating
and because of problems associated with thermal expansion mismatches. Although the available
sources do not show very consistent result it is safe to assume that most SOFC micro-CHPs can
now modulate between about 0,01-0,05 kW per minute. In addition to that, start/stop operations
have adverse effects on today’s SOFC systems in terms of material deterioration, lifespan and
maintenance cost (Dorer, Weber, & Weber, 2005). Therefore, most authors report about
continuous operating SOFC systems that are modulated back to a minimum output of 20% when
XI

there is no electricity or heat demand. Sometimes, however, it seems preferable to shut a SOFC
system down during the summer period because of the very low residential heat demand.
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A PPENDIX B: E NERGY CONSUMPTION DISTRIBUTIONS

F IGURE B-1: H ISTOGRAM ELECTRICITY CONSUMPTION D UTCH HOUSEHOLDS

F IGURE B-2: H ISTOGRAM GAS CONSUMPTION D UTCH HOUSEHOLDS
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A PPENDIX C: M ODEL DESCRIPTION
C‐1 I NTRODUCTION
In order to assess the performance of different micro-CHP configurations in different household
situations a simulation model has been developed. The model consist of input data about the
annual electricity and gas consumption, a consumption profile that defines the varying load of both
heat and power over time, and of a significant amount of assumptions about tariff structures,
technological specifications, performance, etc. In this model description is tried to describe the
simulation process as accurately as possible by explaining the calculations steps and motivating
the assumptions that were made.
The model uses a dynamic approach to simulate the behavior of a system. An energy balance is
created at all 35.108 time-steps. The first time-step begins on 1 January at 6:45 and ends on 31
December at 00:00. All time-steps are exactly 15 minutes long. The key formula for understanding
the energy balance is:

With this formula the energy demand and supply are compared at each time-step. Factor

is

the energy demand at a specific time-step that is defined by the annual energy consumption
multiplied by the Ecofys profile fraction. More information about this can be found in the main text,
paragraph 4.4.

and

both indicate the energy supply during a certain time-step which

is dependent on the micro-CHP configuration. This, dived by 900 seconds (i.e. 15 minutes or one
time-step) is the systems’ output power during that time-step. Note that because of specific
system characteristics the output cannot always exactly meet the demand. Therefore, it can occur
that there is still some remaining energy demand that will be transferred to the next time-step.
This is what

represents. The first element that is described in the following paragraphs

is how the energy output of the different systems is determined.
A second element that is also discussed in the following paragraphs is the energy input of the
system (i.e. gas consumption). The performance of a system is not only a measure of how well a
system can meet specific demands at different time-steps but also how efficient is uses its source
energy. Different systems have different efficiencies that vary over different outputs.
A final step that is taken in the model is to add up all data about gas use, electricity import,
electricity export, electricity production, and heat production. By multiplying the gas use with the
gas tariff, the exported electricity with the feed-in tariff and the electricity import with the
electricity tariff the variable energy costs can be defined. With comparing the electricity and heat
production at a given gas use from the micro-CHP with the gas use that would be needed to
produce the same amounts of electricity and heat with conventional generation also the achieved
CO2 reduction are calculated.
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C‐2 S TIRLING
Output
Because of the heat-led control strategy the electricity that is produced by the Stirling Engine
micro-CHP is considered as a by-product. The Stirling engine system can operate in five different
modes which is dependent on the heat demand. Below a heat demand of 3,5 kW the system is in
stand-by mode. Above 3,5 kW the thermal output is equal to the heat demand and the electrical
output is proportional to this. This mode simulates a modulating Stirling Engine. Between 3,5 and
6 kW of heat demand the engine operates at its nominal output of 6 kW and thereby produces 1
kW of electricity. In operation mode four the engine still operates at its nominal output but with
the auxiliary burner now supplying additional heat to meet the present heat demand. At a heat
demand of above 24 kW the system operates at its maximum output of 24 kW with still producing
1 kW of electricity.
T ABLE C-1: S TIRLING E NGINE SYSTEM OPERATION MODES

Mode

Heat demand [kW]

Electrical output [kW]

Thermal output [kW]

>

≤

1

0

3,5

0

0

2

3,5

6

=4,1667xH-dem + 1,8333

H-dem

3

6

10

1

6

4

10

24

1

H-dem

5

24

∞

1

24

How the system reacts to the fluctuating heat load can be seen in Figure C-1. Note that the red
line represents the apparent heat load and the blue area represents the produced energy.
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F IGURE C-1: S IMULATION MODEL OUTPUT : S TIRLING ENGINE MICRO -CHP IN W INTER AND S UMMER

Gas consumption
Next, it also has to be calculated how much gas is used. This is done by the assumption that the
overall efficiency of the Stirling Engine micro-CHP including auxiliary burner is 85% at all outputs:
.
.

.

.

.

85% 35,17

Thus, for every time step is first determined how much electricity and heat (in MJ) is produced.
Secondly, this divided by 0,85 to calculate the primary energy that was needed and thirdly this is
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converted to mn3. Third, the volume of natural gas that is used during all time-steps is added up
and represents

.

in mn3.

C‐3 SOFC – C ONTINUOUS

OPERATION

Output
The system modulates between 1,5 and 2 kW depending on the electricity demand at that
moment. Thus, even if no electricity demand is present, the system keeps operating at 1,5 kW.
Based on Hawkes, Staffel, & Brandon (2009) the maximum ramp rate was defined at 250W per 15
minutes. This maximal ramping rate is used in all SOFC simulations. The electrical performance
and thermal-to-electricity ratio is based on information from the producer (CFCL, 2010). The
maximum net electrical efficiency (AC export power) is reached at an output of 1,5 kW.
Figure C-2 shows the assumed relation between electrical and thermal output. As can be seen is
about 0,5 kW of thermal energy produced at an electrical output of 1,5 kW. At an electrical output
of 2 kW the thermal output increases to 1 kW.

1,2
Cell thermal Ouutput

y = 0,1467x4 ‐ 0,3333x3 + 0,2433x2 + 0,0233x + 0,3
1
0,8
0,6
0,4
0,2
0
0

0,5

1
E output

1,5

2

F IGURE C-2: A SSUMED RELATION BETWEEN NET . ELEC . AND TH . OUTPUT SOFC

Table C-2 shows the three operation modes that are associated with this control strategy. Note
that the thermal output in this case only represents the output of the prime mover. Of course,
when a present heat load surpasses this thermal output, the auxiliary burner will produce the extra
demanded heat until its maximal thermal output of 18 kW.
T ABLE C-2: SOFC-BL OPERATION MODES

Mode

Electricity demand [kW]

Electrical output [kW]

Thermal output [kW]

>

≤

1

0

1,5

1.5

0.5

2

1,5

2

E-dem

y = 0,1467x4 - 0,3333x3 +
0,2433x2 + 0,0233x + 0,3

3

2

∞

2

1
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Gas consumption
Besides on the output the gas consumption of a SOFC system is also dependent on the varying
efficiency that is showed in Figure C-3.

100%

Overall effiency ≈ ‐0,027x4 + 0,2058x3 ‐ 0,5766x2 + 0,8269x + 0,2962

Efficiency (LHV)

80%
60%
40%

Electrical efficiency ≈ ‐0,0604x4 + 0,2959x3 ‐ 0,7037x2 + 0,994x ‐ 0,0019

20%
0%
0

0,5

1

1,5

2

Elec. output [kW]
F IGURE C-3: E FFICIENCIES SOFC

In order to calculate gas consumption the overall efficiency polynomial equation from Figure C-3
was incorporated to the following formula:

.
.

0,027

0,2058

.

.

0,5766
31,65

0,8269

0,2962

.

104%

For every time-step is first determined how much thermal and electrical energy is produced by the
cell. With the variable efficiency that was presented in Figure C-3 is calculated how much primary
energy (in MJ) is consumed by the cell. This is added to the primary energy that was used by the
auxiliary burner. Remember that an efficiency of 104% was assumed for the auxiliary burner. By
dividing the primary energy by the lower heating value of natural gas is then calculated how large
the volume of consumed natural gas is. Again, the sum of the consumed natural gas of all timesteps is the annual gas consumption.
How the system reacts to the fluctuating heat load can be seen in Figure C-3. Note that the red
line represents the apparent heat load and the blue area represents the produced energy.
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F IGURE C-3: S IMULATION MODEL OUTPUT : SOFC-BL MICRO -CHP IN W INTER AND S UMMER
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18:00

0:00

C‐4 SOFC – H EAT L ED
In heat led control the SOFC has four operation modes. The first operation mode is actually a
standby mode where the system is kept on temperature. This happens when the heat demand is
lower than 0.3 kW. Between a heat load of 0.3 and 1 kW the thermal output meets the heat load
and the electrical output is defined according to the relation that was shown in Figure C-2.
Between a heat load of 1 and 5 kW the prime mover operates at its maximal output of 1 kW with
producing 2 kW of electrical energy. Above 5 kW the auxiliary burner is activated and supplies the
extra thermal energy. The operation mode and model output can respectively be found in Table
C-3 and Figure C-4.

T ABLE C-3: SOFC-HL OPERATION MODES

Mode

Heat demand [kW]

1

Electrical output [kW]

Thermal output [kW]
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F IGURE C-4: S IMULATION MODEL OUTPUT : SOFC-HL MICRO -CHP IN W INTER AND S UMMER

Since the exact same system is used the consumption of natural gas was calculated in the same
way as was discussed in paragraph C-3.

C‐5 SOFC – E LECTRICITY L ED
Probably the most simple control mechanism was used for the electricity-led system. It consists of
2 modes: modulating on electricity demand with a thermal output according to the relation that
was shown in Figure C-2 and producing at maximal output. In both cases the auxiliary burner is
activated when the heat demand is more than the thermal output of the prime mover. The
operation modes and model output are shown in Table C-4 and Figure C-5.

T ABLE C-4: SOFC-EL OPERATION MODES

Mode

Elec. demand [kW]
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Thermal output [kW]
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C‐6 PEMFC – H EAT L ED
Output
The output of the PEMFC is heat-led and thus dependent on the heat demand that is present. The
ramping rate of 3 kW per 15 minutes is much steeper so the system output can freely vary
between time-steps. The assumed relation between the thermal and electrical output of the prime
mover is shown in Figure C-6.

Electrical output fuel cell (kW)

3,5
Elec. output = ‐0,0056x4 + 0,0747x3 ‐ 0,3359x2 + 1,1208x ‐ 0,2685
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Thermal output [kW]
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F IGURE C-6: R ELATION THERMAL AND NET . ELECTRICAL OUTPUT PEMFC SYSTEM

The assumed control mechanism of the heat-led PEMFC system consists of five operating modes.
The first mode is stand-by where the system is actually off and needs to heat-up again before
operation can be started. It does however not consume gas to keep the system at temperature
like the SOFC system does. At a heat demand above 0,5 kW the prime mover starts to modulate
until the maximal output of 5,5 kW is reached. Between 5,5 and 9,5 kW the prime mover operates
at is maximal output. Above 9,5 kW the auxiliary burner also starts to produce heat until the
maximal system output of 23,5 kW is reached. Table C-5 provides an oversight of the different
operation modes.
T ABLE C-5: PEMFC-EL OPERATION MODES

Mode

Heat demand [kW]

Electrical output [kW]

Thermal output [kW]

>

≤
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∞
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Gas consumption
Then, after the output of the system is defined also the gas consumption is calculated. A key input
variable for this is the overall efficiency of the system. Since there were no producer statements
available the relations between thermal and electrical output of a few cell system were defined so
that they would correspond to reported PEMFC performance presented in figure 2.7 c in Barbir
(2006) and Figure 5 in Gigliucci et al. (2004). The assumed efficiency is displayed in Figure C-7.
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Effiency (LHV)

Total FC efficiency= ‐0,024x2 + 0,0994x + 0,7572
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F IGURE C-7: E FFICIENCIES PEMFC

With the following formula the total volume of consumed natural gas was calculated:

.
.

0,024

.

.

0,0994
31,65

0,7572

.

104%

The operational behavior of the simulated PEMFC system is depicted in Figure C-8:
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