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Abstract

The introduction of distributed, de-centralized energy production systems is often considered to be less
polluting and more efficient than large scale production units. Micro-cogeneration (micro-CHP) is a technology
at the household level capable of producing electricity in cogeneration with domestic heating. For households,
micro-CHP is in competition with already available condensing boiler heating technologies. These boiler
systems are very efficient, but lack the technical feature of micro-CHP to co-produce electricity. This feature
could be attractive to consumers when a) excess electricity production can be sold back to the distribution grid
and b) when domestic electricity production is cheaper or convenient than electricity from the distribution
company. Moreover, it will need to offset the higher price of the new technology.

We have developed an agent-based model to investigate consumer’s preferences and consequential
demand for micro-CHP, in competition with condensing boiler systems. In our model, micro-CHP enters the
market to compete with condensing boilers on purchase price and costs of usage. Purchase prices are still high,
but opportunities for learning and price drops as sales take off are considerable. Condensing boilers very
efficiently produce domestic heating, based on natural gas. Domestic heat is produced by micro-CHP at a
similar level of efficiency, while electricity is co-produced. This allows a consumer to avoid buying electricity
from a retailer or to feed it back to the grid. Electricity production is thus considered a quality feature that
increases attractiveness of the new technology. The model is calibrated with empirical data on learning rates,
housing types, gas and electricity demands, efficiencies, number of households and its classifications in the
Netherlands, where micro-CHP is now in its demonstration phase. The model contains some evolutionary
elements, particularly heterogeneity of demanding agents, some randomness in assessment of quality and
discounting and diversity of strategies.

Simulations are made with various gas and electricity prices, aswell as on a set of policy interventions.
All simulations principally explore the effect on the diffusion rate of the new technology over time. It shows that
micro-CHP diffusion could be seriously inhibited by decreasing gas demands, for example because of policies
promoting energy efficiency. Further simulations explore various subsidy schemes. First, we consider a subsidy
for purchase of the new technology. We find that low subsidies (<€1400) are not very effective, but high
subsidies (>€3250) do not have a significant additional margina effect on installed market base. Subsidy
effectiveness with respect to price is highest in the range €1150-€2500, where each euro subsidy affects.
Second, we consider the effect of a subsidy on electricity that is sold back to the distributing company. This
affects the feedback price and thus the attractiveness of the new technology. A comparison of the various
subsidy schemes shows that they can be assessed in terms of effectiveness or efficiency, but that the ‘best’
scheme depends on the policy criteria assumed. For example, a goal in terms of installed market share in 25
years shows that a subsidy for feedback requires the smallest subsidy budget, but a goa in terms of a price
difference in 25 years shows that a purchase subsidy is cheapest for the intervening government.

It should be noted that the model can be used to explore demand for the micro-CHP, as well as
demand-oriented policy measures. It does not investigate the incorporation of the new technology in the
electricity system, which may well become an inhibiting issue at some point of the diffusion of the new
technology. The model is essentially a core model for technology competition in the light of varying demand
dynamics, specifically geared towards the competition between micro-CHP and condensing boilers in our case.
The model can be geared to study other technologies in competition as well, athough this requires often
extensive empirical adaptations
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1 I ntroduction

The introduction of distributed, de-centralized energy production systems receives increasing policy attention,
because of their contribution to diversify and secure energy supply, to increase system-scale efficiency and the
presumed reduction in various polluting gas emissions. Users of micro-scale energy production systems may be
particularly interested in security of energy supply and reduction of fuel charges and interconnections, while
grid operators may promote such systems because it helps defer infrastructure updates and improve operational
flexibility (Bruckner et al., 2005). One such distributed energy production technology is micro-cogeneration
(micro-CHP, acronym for co-heat and power), which is capable of producing electricity in cogeneration with
domestic heating at the household level. Micro-CHP is fuelled by natural gas and replaces high efficiency
heating units in domestic dwellings, co-producing electricity as an additional feature. This electricity can be
used domestically or sold back to the grid, provided that some technical and institutional problems are tackled.

Micro-CHP is now in its demonstration phase in most countries, on the brink of commercial market entry. In
The Netherlands, Dutch technology producers and associated parties are generally optimistic on the outlook of a
quick diffusion on the market in the coming years (Overdiep, 2005; Cogen, 2006). This is, however, not

necessarily so the case, we argue, for a number of reasons:

On the demand side, this novel and till expensive technology will have to compete with a mature and
proven technology for domestic heating. Furthermore, the additional benefit of electricity production will
have to exceed the higher cost associated with micro-CHP,

On the supply side, high investments are required in order to produce micro-CHP units at a price that is

acceptable to frontrunner consumers,

From a system perspective, institutiona re-arrangements are necessary to accommodate the take-up of large
amounts of domestically produced electricity. Furthermore, distributed technologies often exhibit lower

component efficiencies when compared with their larger-scale counterparts (Bruckner et al., 2005).

This raises the question which barriers can be identified for the diffusion of micro-CHP and having done so,
what policies can be geared to address these barriers. In general, a swift diffusion of micro-CHP is largely
determined by the settings of the socio-economic context. The introduction of micro-CHP is generally studied at
amacro-level, investigating environmental and economic advantages of the renewed system as awhole. Such a
comprehensive analysis may overlook the dynamics at the household level; many stakeholders in the micro-
CHP innovation system pay little or no attention to the willingness of consumers to use micro-CHP (Feenstra,
2008). At the household level demanding consumers are considering the new technology in competitions with
adready available domestic heating technologies, most importantly natural gas-fuelled condensing boiler
systems. Generally, these technol ogies are very efficient, but lack the technical feature to co-produce el ectricity.

This feature could be attractive to consumers when a) excess electricity production can be sold back to the
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energy retailer at a profit and b) when domestic electricity production is cheaper or more convenient in any way
than electricity distributed by the retailer. Moreover, it will need to offset the higher price of the new
technology.

Evolutionary type models are generally fit to address these characteristics in the analysis and layout of
environmental innovation policy, specifically when addressing the initiatives under the heading of transition
management, which explicitly aims to trigger changes on the system level (Faber and Frenken, 2008).
Moreover, an agent-based modelling approach has the capability to show how collective phenomena come about
from interaction between autonomous and heterogenous agents, and they are useful to explore various
institutional arrangements and paths of development (Pyka et al., 2004). In order to investigate the chances for a
breakthrough of the new technology, we developed an agent-based model to investigate and evaluate various
demand scenarios, as well as opportunities for policy intervention. In our model, micro-CHP enters the market
to compete with the already existing condensing boiler domestic heating technology. Electricity co-produced
when micro-CHP is applied to meet heating demand is considered to be an attractive additional feature. In this
study, we focus specifically on the role of demand to articulate the diffusion of micro-CHP in competition with
condensing boilers. This offers opportunity to grasp consumer preferencesin a dynamic and realistic way, which
gives good added value in comparison to ‘regular’ approaches that often reduce consumption to a fixed price-
articulated utility (Faber and Frenken, 2008). Moreover, changing preferences may also lead to user-led
innovations, as demanding ‘niche users are often crucial as the frontrunners to a technology’ s emergence and
success (Von Hippel, 1988; Windrum, 2006). The role of consumers thus lies not so much in reacting to price
differentials but more in their ability to change their preferences, possibly triggering new out-of-paradigm niche
markets. In the model we assume that producers of the technology will be able to meet demand, but this

assumption is not trivial in real market dynamics and may need further investigation in the future.

With this modelling exercise, we aim to draw generic lessons on the market development of energy technol ogies
in competition with a predecessor. Our research will help to gain some understanding on issues related to the
timing, conditions and mechanisms with respect to technology adoption and the associated shift to distributed
energy production. This paper gives a short overview on the micro-CHP technology and soci o-economic context
in Section 2. Section 3 describes the simulation model and Section 5 describes some simulations, including

various policy scenarios. Section 5 concludes.
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2 Micro cogener ation: technology, context and environmental issues

2.1  Technology description

Cogeneration of heat and power (CHP) is a technology whereby excess heat released in industrial processes or
in centralized electricity generation is captured and turned into a useful application, such as generaly for
domestic heating or electricity generation. CHP thus uses heat that would otherwise be wasted in a conventional
power plant, potentially reaching an efficiency of about 70% or even more for the overal system in the best
applications, compared with around 40% for conventional plants. In the Netherlands, by 2006 CHP provides
about 50% of national electricity production (CBS Statline, Milieucompendium). Micro-CHP is a small scale
variation on this concept, co-generating heat and electricity at household level. In contrast to most industrial
CHP plants, first generation micro-CHP generally meets the need for heat, with electricity production as the
secondary product. Micro-CHP is therefore usually designed to replace conventional domestic heating systems,
with the additional feature of electricity production (Figure 1). Electricity produced in this way can be used
within the house or business, or (if permitted by the grid management) sold back into the electric power grid.
Micro-CHP systems produce heat at a thermodynamic efficiency of about 75-90% and electricity at an
efficiency of about 10-20%, ranges depending on the type and quality of the technical system (Van Hilst, 2005).
See below for further elaboration.

Reference situation

e I i Energy —
electricity distribution firm Theter

Household micro-CHP

22 Energy
glectricit distribution firm
.

e ST

Figure 1. Household energy flowsin a reference situation and with micro-CHP

Various technologies can be used to produce electricity in a micro-CHP unit, most principaly the Stirling
engine and gas engine as first generation technologies and fuel cells as a next generation technology. The

relation between heat and electricity production is described by its heat-to-power ratio (HPR), which describes
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the amount of heat produced for each unit of electricity (power) produced. An average Dutch household HPR is
4.4, based on average natural gas demand for heating purposes and average electricity demand. This ratio is
likely to decrease in the future, as trends in gas demand slowly drop over the years due to more efficient heating
technologies as well as improved insulation, while trends in electricity demand rise due to increased use of
electric appliances (Elzenga et al., 2006). First generation micro-CHP technologies are characterized by a
relatively high HPR, or alow production of eectricity in co-production with heat. Fuel cells are more efficient
electricity producers, which also makes them applicable to gear them to electricity demand and co-produce heat

in adomestic setting.

The Sirling engine is an external combustion motor powered by an external heat source, which can by fuelled
by basically any resource. Stirling engines are very quiet, but slow to respond to changes in the heat applied,
which inhibits application where such changes are crucial, such asin cars. Although Stirling engines have been
developed already in the early 19" century, they have never found successful mass-market production and its
application remained in niche markets such as auxiliary power generators for yachts. Electric efficiency of the
Stirling micro-CHP in most prototypes remains at a relatively low 10-18%, while thermal efficiency is about
90%. Stirling engines have a HPR in the range of 4-9. In most cases net production of electricity will thus be
lower than demand and additional electricity intake from the grid will be needed. The gas engine is an internal
combustion motor, similar to those applied in most cars. Most commonly gasoline or diesel is used as a fuel, but
other fuels can also be used, such as natural gas, ethanol, hydrogen or biodiesel. Gas engines are already applied
widely in larger scale CHP-systems, for example in greenhouses, but they are not yet well suited for micro-CHP
applications. Presently, pilot gas engine micro-CHP systems show an electric efficiency of around 20% and a
thermal efficiency of up to 75%. HPR of gas eniginesisin the range 3-4. A fuel cell system produces electricity
from an externa supply of fuel (usually hydrogen) on the anode side and an oxidant (usualy oxygen) on the
cathode side, which react in the presence of an electrolyte and a catalyst. Hydrogen is usualy produced from
natural gas by means of a reformer, thereby releasing water, CO and CO,, as well as decreasing the overall
efficiency of the process. Fuel cells produce a direct electricity current (DC), rather than aternating currents
(AC), which requires application of arelatively expensive convertor after the process. A major advantage of fuel
cellsis the possibility of modular application in stacks, gearing them to specific demand. Various types of fuel
cells exist, characterized by the material of the catalyst and the temperature of operation, which in turn defines
their vulnerability to pollution in the fuel (typically carbon monoxide) as well as their start-up time. Presently,
the application of fuel cellsin micro-CHP is till far from market introduction and generally considered to be the
second generation of micro-CHP systems. In the meantime, development of fuel cellsis believed to be able to
profit from research for other applications, e.g. in cars and in notebook computers or as a genera off-grid power
supply. Fuel cells have a relatively low HPR of 1-2. The types of fuel cells most applicable in micro-CHP
presently have an electric efficiency of well over 30%, and a thermal efficiency of more than 60%, both still
considered to have room for further improvements, certainly until market introduction. A wide range of fuel cell
techniques is in experimental phase now and these are not conceived to be ready for full-scale market

introduction within15 years or so. Fuel cell technol ogies are therefore left outside the scope of this study.
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A micro-CHP system generally replaces and basically extents conventional natural gas-driven condensing
boilers. An average Dutch home requires around 1671 m® each year for heating purposes (VROM, 2006; figure
for 2004), which meets an annual therma demand of around 53.0 MJ or 14,700 kWhy,. A micro-CHP system
with an HPR of 6 (a typical, well-developed Stirling engine) could co-produce 2450 kWh, of electricity,
requiring around 279 m® of natural gas each year, in addition to the amount used for heating. The electricity
produced can be used domestically or be sold back to the electricity retailer. A household consumer considering
the new system will thus ponder whether the cost of additional requirement of natural gas can offset the cost of
buying electricity from the retailer. This balance may shift toward the micro-CHP system when feedback prices
are relatively favourable. Market introduction price is still uncertain, but prices of about €6500 are often
mentioned, aiming eventually for a price reduction on the market to levels about €1500-2000 higher than the
price of aregular condensing boiler. These targets are based on a goal of 5 years additional payback time at an
average estimated saving of € 300-400 (Remeha). We will use €6500 in the baseline settings of our model, but

explore various other scenarios.

2.2 Socio-economic context

Many agents and instititutions are involved in the development, marketing and application of micro-CHP
systems in the Netherlands (Table 1) (Colijn, 2007). On the supply side, various energy producers, distributers,
retailers, manufacturers of domestic heating systems and installers take part in the innovation system. Energy
companies, most specifically the natural gas company Gasterra, generally have an interest to promote micro-
CHP for reasons of ensuring domestic gas infrastructure and sales. A major argument for the energy producers
and retailers to support micro-CHP relates to the increase in base load for electricity supply, which allows the
producers to postpone the investment in production plants for peak loads." Many energy retailers are presently
still somewhat reluctant to experiment with technologies that are still in their infancy, since it may affect
relations with the consumers when reliability or price affects high present household comfort levels. However,
once micro-CHP shows to be a reliable technology, it may be an interesting innovation in the light of securing
reliable energy supplies and to decrease overal carbon dioxide emissions. In februari 2007 the three main
energy companies Nuon, Essent and Eneco have signed a covenant together with Gasterra, aiming to promote
the application of domestic gas-based technologies in general, specifically micro-CHPs. The aim is to sell
10,000 units in the Netherlands in 2007-2009 and use these for large scale testing of performance and grid
stability.

! Peak load production plants are usually gas fuelled, which allows for direct control: increasing demand can almost immediately be met by
increasing supply. This contrasts with coa plants, which are much less flexible, but on the other hand much cheaper. Therefore, coa plants
usually supply base loads, where gas-fired plants provide pesk loads. Interestingly, if micro-CHP is considered to provide peak load
supply, they will thus replace gas-fired plants rather than coal-fired plants. Environmental effects will in this case not be as high as

calculated in section 2.3, since the reference emissions are lower.

DIME Conference “Innovation, sustainability and policy”, 1-13 September 2008, Bordeaux Page 7 of 42



WORK IN PROGRESS - PLEASE DO NOT CITE OR QUOTE

Table 1: Classification of agentsinvolved in micro-CHP in the Netherlands

Category

Function

Main players

Main interest with respect to micro-CHP.

Supply side

Energy retailers

distribution and retail

Gasterra, Essent,

- maintain and extent gas infrastructure connectivity;

and utilities of energy; energy Nuon, Eneco - focus on energy services, incl. strategic partnerships
services with e.g. fitters;
- security of electricity production;
- secure good price for electricity
Manufacturers manufacturing Whispergen, - maintain market position for domestic heating

and developers

conventional domestic

Remeha, Vaillant,

technology;

heating systems and Bosch, Nefit, - technological challenge; provide high performance
micro-CHP Enatec, Rinnai, technology
Microgen
Fitters/ installers  installation of domestic ~ many - maintain contracts with energy providers;
heating devices - specialization, knowledge transfer from manufacturers
Networks network, knowledge Cogen, SPF - lobby and promotion of micro-CHP;

diffusion, promotion

- diffusion of knowledge

Demand side

Housing Provide housing at many; regionally - secure energy supply system at low costs in rental
corporations relatively low cost or locally houses;
organized - could act as a launching customer
Customers End user Classes: - comfort;
(households) housing type, - high performance;
new/old houses. L
- reliability;
- low price;
- independence.

Intermediate

Government Social planner National - stimulate innovation;
government, - maintain stable electricity grid;
political agents . S
- energy security (energy policy);
- reduce emissions (climate policy).
Research Research ECN - research
Media Distribute information, magazines, - distribution of information
advertisement newspapers - platform for advertisement

In the Netherlands, the technology of micro-CHP itself is developed and manufactured by some of the
traditional established manufacturers of domestic heating systems as well as some new market players. For the
established firms, this mainly serves the interest to maintain position in the market and to counter the accession
of new producers. Manufacturers new to the market obviously aim to create market share by means of the
additional features of the new technology. Many strategic cooperations have already been organised to jointly
develop micro-CHP systems. A number of producers and developers of micro-CHP technology have organized
themselves in the Smart Power Foundation (SPF), an organisation devoted to align research activities, to tackle
the challenges in the development phase, to develop a Dutch industry for micro-CHP, and to promote

application and support for the technol ogy.
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Domestic heating systems in the Netherlands are installed (and often sold) by specialized fitter firms. They
make up a very competitive market with a large number of small companies, often with only a handful of
employees. They generally compete with low prices and with high service levels, which in many cases drives
the fitters to specialize in arelatively small number of heating systems. Many fitters have long-term contracts to
provide consumer services on behalf of the energy retailers. With respect to micro-CHP, many fitters will need
to update their specialized know-how on this new technology, which will require courses and information
transfer raised by the manufacturers. Information needs, specialization and competitiveness may lead to some
reservation of fitters towards the new technology, as was the case with the introduction of the condensing boiler
technology in the 1980s, putting high emphasis on the problems and growing pains of the new technology,
rather than on the challenges and prospects. Presently some first extension projects on service, installation and

mai ntenance have started.

Demand side of the micro-CHP market dynamics involves household customers and housing corporations.
Housing corporations provide socia housing, owning about one third of all residential dwellings in the
Netherlands (VROM, 2007). Housing corporations are in a position to quickly articulate demand through
procurement of large numbers of a new technology, which can be applied in large housing complexes. On the
other hand, technology development is not their main interest. Rather, the corporations show a short term price
sensitivity, economizing on service costs for installed ‘ proven technology’, which can be maintained at routine.
Private house owners generally replace their domestic heating system at the end of itslife-time, usually about 15
years. In most cases they will retain the system’ s in-house infrastructure. House owners considering replacement
of the heating system will take into account issues such as price, performance, reliability, comfort, and
sometimes also environmental effects. Specifically for micro-CHP, households will have to consider whether
excess produced electricity will be used domestically or be sold back to the retailer at a good price, provided
that electricity feedback is technically and economically possible. Furthermore, the cost-effectiveness of micro-
CHP for households depends largely on the amount of heat used, a parameter destined to decline in importance
in the future (Elzenga et al., 2006). It is of interest to note the powerful position of the Dutch Consumer
Association, which advices and performs tests on a wide range of household appliances. Advices by the
Consumer Association generally have a high impact, as the association is widely considered to be reliable and
trustworthy. In the 1980s, a negative advice on condensing boilers is sometimes referred to as a major factor in

slowing down sales and fast diffusion of condensing boilers.

Generally, household energy use depends on various socio-economic indicators, such as household size and
income: larger households and higher income groups tend to have a higher energy use, although large variations
exist within income groups (Vringer, 2005). Also, different housing types have different profiles for energy use,
which makes micro-CHP attractive in older, less energy efficient houses, rather than in newly built, highly
insulated buildings. In a modelling exercise atypology can be made in terms of housing types (see e.g. Taanman

et al., 2008) or in terms of socio-economic indicators of households. Depending on housing type, user type or
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other characterigtics, specific niche markets for micro-CHP may be identified, which could serve as incubators

for further development of the technol ogy.

At the intermediate between supply and demand, government and public research are the most important agents
with respect to micro-CHP development. As a social planner, it can be important to stimulate public R&D,
market accession and demand of micro-CHP in the light of its climate change policy and its energy policy on
security of supply. Demand articulation could be enhanced by limiting and possibly removing judicial and
economic barriers with respect to feedback of electricity to the grid, such as the issue of VAT taxation of the
electricity produced. Furthermore, government is ultimately responsible for grid maintenance, which may face
additional challenges due to increased daily and annual fluctuations in electricity production generated by
micro-CHP systems, possibly enhanced by the presence of other fluctuating sources such as wind and solar

energy production units.

Reference
centralized
fuel mix electricity plant electricity T
— —
18.4GJ 8.3.63 (2300 kWh)| O
%)
domestic g
gas HR combi unit heat ,Q
50 GJ (1582 md) 50 GJ O
68.4 GJ
Micro-CHP
e Hpg;; electricity 6
micro- —
gas — 8.3 GJ (2300 kwh) %
64.8 GJ (2047 m?) » heat m
50 GJ o
=2
lw)

Figure 2: Calculation of energy use and inputsin a reference situation and with micro-CHP.

A condensing boiler uses natural gas for space and water heating at an efficiency of over 100%.” Average
natural gas use (2006) in Dutch households for space and water heating is 1671 m® (VROM, 2007). An example
household with a 100% efficiency condensing boiler system and a heat demand of 50 GJ requires natural gas
input of 50 GJ, equal to 1582 m® (since natural gas has a caloric value of 31.65 MJm?®). A comparable
household with a micro-CHP system and similar heat demand will co-generate electricity at a level relative to

2 Efficiencies of over 100% can be reached by recovering heat from water vapour, which would otherwise be discharged to the atmosphere.

In a condensing boiler, the water vapour produced condenses back into liquid water, releasing the latent heat of vaporization of water.
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the HPR. Assuming an HPR of 6 this micro-CHP unit will produce 50/6=8.3 GJ or about 2300 kWh of
electricity. On aggregate the micro-CHP thus produces 58.3 GJ of energy. With an assumed aggregate
efficiency of 90%, this micro-CHP unit requires 64.8 GJ of natural gas input, equivalent to 2047 m°. In this
example, a household with a micro-CHP system requires an additional amount of 465 m® of natural gas, but
produces 2300 kWh of electricity for domestic use or sale. Environmental benefit follows from a dlight drop in
energy volume required as well as from a partia replacement of a fossil fuel mix by generaly cleaner natura
gas (Figure 2).

2.3 Environmental impact

An average Dutch household requires about 53.0 GJ for heating purposes. When using a Stirling micro-CHP
with an HPR of 9 this co-produces 5.9 GJ of electricity (Figure 2). At an aggregate® efficiency () of 0.95 this
requires 62.0 GJ of natural gas inputs, equivalent to 1959 m®. In a reference case, with domestic heating
provided by a regular condensing boiler ( =1.0) and electricity produced in a regular gas-fuelled central
electricity production ( =0.40), this would require on aggregate 67.7 GJ of energy, requiring the equivalent to
2140 m®. For each household, the introduction of this type of micro-CHP would thus save an 181 m® of natural
gas a the system level. If 3.5 million Dutch households (about 50% of total) were to use a Stirling-engine
micro-CHP under these conditions, this could save 6.3 x 10® m® of natural gas, equivalent to 2.1 Mton CO, per
year (1.1% of annua Dutch CO,-emissions or 11.1% of annual domestic CO, emissions). When using a Stirling
micro-CHP with an HPR of 4 in an average household this co-produces 13.3 GJ of electricity and 2722 m® of
natural gasis required. If 3.5 million Dutch households were to use this more efficient micro-CHP this could
save 18.1 x 108 m® of natural gas, equivalent to 6.0 Mton CO, per year. These figures are significantly higher,
up to 10Mton of saving, when compared with the actual production plants, which mostly use coal rather than
gas (Elzenga et al., 2006). Also, increase in efficiency of electricity production by micro-CHP due to
technological learning (decreasing HPR) and changes in household electricity demand have not been taken into
account in this rudimentary calculation, suggesting that this is a low estimate. On the other hand, however, it
should be noted that the market penetration estimate (50% of all households) is high even in comparison to
estimates for 2030 (Elzenga et al., 2006; Cogen, 2006).

In addition to CO,, modern condensing boiler heating systems release about 20g NO, per GJ of energy used,
which is a significant reduction to NO,-releases for old condensing boiler models (31g NO,/GJ on average)
(Kroon et al., 2005). For Stirling engines NO,-emissions are estimated at 8g/GJ and for gas engines at 25 g/GJ.
For fuel cell engines these values are close to zero, with small amount released in the reformer process (Van der
Hilst, 2005). Centralized electricity producers are subject to the national NO, emission trading scheme, a
framework which for 2010 states a cap of 40g NO, per GJ of fuel used. This trandlates on average to 93g NOy
per GJ of eectricity produced, based on present efficiencies and on the fuel mix and that presently feeds the

3*Aggregate’ here refersto thermal + electric efficiency.
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electricity production plants. Large-scale penetration of micro-CHP systems could therefore lead to a
considerable decrease in national NO,-emissions: if half of Dutch households would be equipped with an micro-
CHP (Stirling or gas engine) by 2030, an annual NO, emission reduction of about 5.8 kton/year has been be
estimated, about 1.5% of annual Dutch NO,-emissions (Elzenga et al., 2006). In our simulations, we will not

further consider NO, emissions, since policy primarily focuses on large-scale emitters under the emission

trading regime.
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3 An agent-based demand model for micro- CHP diffusion

The viability of the diffusion of micro-CHP technologies depends, as discussed in the previous section, on a
large number of issues based on the interaction of technological, economic and social factors. Forecasting future
events, as well as devising the net effects of potentially available policy initiatives, is very attractive for policy
decisions, but also extremely difficult and uncertain from the technical point of view. The technical difficulty
depends on the impossibility to identify the aggregate dynamics, such as the function of market shares for the
new technology through time, because of the complexity of the interactions among the factors involved and the
intrinsic uncertainty in technological, economical and socia developments. Though past evidence can be used to
forecast likely future events, the reliability of statistical models based on aggregate dynamics decreases steeply
with the complexity of the system involved. In our case, we are dealing not only with the diffusion of a new
technology, but of a potential new system involving, for example, physical properties of buildings, regulatory
regimes, preferences of consumers, socio-demographic trends, etc. Forecasting events of aggregate dynamicsis
therefore extremely difficult, requiring for example scenario analysis to outline the source of different outcomes
between scenarios and multiple equilibria (Verspagen, 2008). Rather that estimating the functional form of
aggregate dynamics, in this section we In this section we set out to build an agent-based model on the basis of
the available information on the various elements involved. The model relies on the stylised representation of
the relevant actors, and then generates via computer simulation a virtual history, reflecting the consequences for
the simulated system through time. The agent-based model can be embedded with the desired level of detail, and
can be used to test both its capacity to reproduce real events, and the likely outcomes under any number of
possible variations. Clearly, the level of detail required to feed an agent-based model can be extremely high and

therefore often poses constraints on data availability and empirical validation of this type of models.*

Given the emphasis of the diffusion of the new technology, our model will focus on the representation of the
demand for these products. The rest of this section is devoted to describe, firstly the outline of the model, and,
later, the details of the routines used. Finally, we report some early results obtained by calibrating the model on
the data available for the Dutch society.

3.1 Coremodel

In order to grasp technology competition and diffusion processes following demand-side dynamics, we have
developed a core model, which can be geared for specific technologies. The model is made in LSD, an object
oriented C++ platform specifically geared for evolutionary modelling (Valente, 2008).° In this section we

4 A comprehensive overview of methodological, technical and practical opportunities and constraints of ABM can be found in Windrum et
al (2007).
®LSD is open source available at http://www.business.aau.dk/~mv/L sd/lsd.html. Our specific model can be obtained with the corresponding

author.
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describe the core outline of the model, in section 3.2 we describe the specific gearing for the competition
between condensing boilers and micro-CHP technology. The model permits to test various possible initiaization
and records the dynamics of the model’s variables as well as computing aggregate statistics on the smulated

market through time, such as market shares, concentration, total costs of subsidies, etc.

Market dynamics in our model is determined by the competition between an incumbent technology and a
technology that enters the market. The core model consists of a market with supply and demand. Supply consists
of any number of firms, each selling a single product defined over a number of characteristics, such as price and
‘technology’, i.e. the standard adopted for the product. Such characteristics may be constant or vary as a
function of time or other variables of the model. Supply aso includes environmental characteristics, such asthe
prices of energy resources. The demand side of the model is represented by classes of consumers, assuming that
consumers within the same class share identical needs and preferences. Each class tracks the number of
consumers owning any of the products on the market and the period of time since purchase. Products are
assumed to have a finite working life, so that at any ssimulation step the consumers owning products that have
reached their end-of-life need a replacement and, collectively, will constitute the demand for that time step.

The choice for consumers in need to purchase a product is represented individualy. The consumer first lists the
products she is aware of, based on a ‘visibility’ variable that depends on the market share of the product and on
the marketing activities of its producer. The visibility of a product is only allowed to increase over time, so that,
for example, products with presently low market shares, but once popular, are still “visible' (i.e., elements of the
option set) to al consumers. A choosing function computes the expected costs for al visible products, including
seller’ s specific variables, consumers' preferences and other relevant market conditions. The total cost is divided
in upfront cost and usage cost. The upfront cost is simply the list price of the product, determined by the seller,
minus optiomal purchase subsidies. Usage costs depend on the costs of the energy sources (defined in the
general market) used during operation, the expected class specific type (or level) of use, and the technology
adopted by the producer (seller specific). The estimation of the cost includes optional subsidies for using
specific technologies and any other relevant factor, for example in our case, the possibility to sell back to the
grid the excess electricity produced. Eventually, the consumer chooses the product with the least total cost.

3.2 Basicfeatures of the model geared for micro-CHP
In our model, two technol ogies compete on the market for domestic heating systems: the incumbent condensing
boiler technology, and the new micro-CHG technology. Both technologies are fuelled by natural gas. They

distinguish from each other in two main technol ogical features (see also section 2.1):

1) Micro-CHP has the additional feature of co-producing electricity along with heat production, and thus
saving to buy electricity from the retailer (or selling back into the grid excess electricity). However, a

higher amount of natural gasintake isreguired for producing domestic electricity.
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2) Micro-CHP has higher upfront cost, because it still is a technology in development and because of the

additional performance feature.

All consumers that enter the market are assumed to make a rational choice for either one of the technologies
when they enter the market the technology previously in use breaks down after an average life-time of 15 years.
Both technologies are considered for purchase by each buying consumer, but the probability of observing afirm
for purchase depends upon a Visibility factor. Visihility in turn depends on Cumulative sales and a measure for
Advertising, which reflects whether a consumer has knowledge of a firm’s product. Once a consumer selects a
new micro-CHP rather than the incumbent condensing boiler technology, it is assumed that he will retain this

technology in subsequent selections.

Consumer classes are specified by the type of house they live in, which is the most important parameter
determining the amount of natural gas needed for domestic heating. Data is available for gas and electricity use
for five distinct housing types, together accounting for 98.7% of all Dutch houses. Ignoring the ‘ other’ category,
we then have free standing houses, two-shared houses (‘two houses, one roof’), corner houses, block houses and
apartments (Table 2). The ‘other’ category is distributed in the other categories, weighed by their shares, in

order to avoid model peculiarities due to the existence of non-defined classes.

Table 2: Average use of natural gas (m®) per housing type (2004) and ownership per housing type and

consumer classin share of total number of houses (2002).

share in average natural gas
rousing ype  SISIOUSITG | useperhousehold 0SS o andonds 2RI,
2002 (m® per year)
free standing 14.5% 2 559 13.5% 0.7% 0.2%
two-shared 12.7% 1855 10.9% 0.4% 1.3%
corner house 12.4% 1771 7.1% 0.6% 4.7%
block house 28.0% 1495 15.3% 1.5% 11.3%
appartement 31.1% 1108 6.4% 4.8% 19.9%
other 1.3% - 1.0% 0.1% 0.2%
average 1671 55.9% 11.0% 33.1%

(all for 2004)
Sources: House ownership and type: CBS Statline. Natural gas use per house type: VROM (2006).

Shares of ownership requires some re-calculations and assumptions based on the raw date from the sources, most notably
the attribution of ‘ unknown renters’ to landlords and housing cor porations.
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In making an economic decision on purchasing a micro-CHP unit or not, each consumer will consider upfront
costs and cost of operation (usage costs). Upfront costs include the price of purchase of the new technology,
installation costs and possibly a subsidy. Prices of both technologies will slowly drop as research and learning-

by-doing progresses.® Price develops as a function of price at t=0 and cumulative installed capacity:

P(t) = P(0) * (X(V) (1)

where P(t) is price at time t, P(0) is price at time O, X(t) is cumulated output, and is a measure of
responsiveness, determined from an exogenous progress rate PR by: PR = 2. Since progress rate is a value
lower than 1 (and usually in the order of 0.9), is a negative value following log(PR)/log2. PR is determined
exogenously by using empirical data on cumulative sales and prices for condensing boilers from 1981-2007.
Previous empirical work shows a progress rate of 16.1+1.9 for micro-CHP (Weiss et al, 2008), but thisis based
on projected sales by the industry, which may reflect an over-estimation. For condensing boilers, this study
gives an empirical progress rate of 7.0+0.9 for condensing boilers and 14.0+1.2 for condensing combi boilers.
These rates use cumulative installed capacity in MWy, rather than units sold; given the increased efficiency of
production, progress per unit may be assumed to be dlightly higher, so for the purpose of our study we use a PR
of 0.86 (which means a complementary learning rate of 0.14) and at -0.22 for both technologies. This setting
isfurther explored in a validation study (Faber et al., in progress).

X(t) isitself afunction of market size. In our simulations we will assume a fixed value of 4.0 million for the size
of the market where micro-CHP competes with condensing boilers. This value is in the range of the present
number of Dutch households using condensing boilers. In our model simulations, however, we will use a
market size 1% of the real market in order to speed up calculation time. In order to concile with the
consequential disturbance of price developments, we use a scaling parameter , which is calculated as actual

market size/simulated market size. Technically, this changes equation (1a) to (1b) asfollows:

P(t)=P(0) * ( *X(1) (1b)

This equation treats learning well when a significant level of installed capacity is reached, but shows extreme
decreases in price in the initial stages of installation. Since we deal with a technology new on the market, this
feature has to be taken into account by including a very high initial price P(0), which can be estimated from the
market (for condensing boilers) or from expectations by manufacturers (for micro-CHP). In the simulations
price drops for condensing boilers are relatively slow, because cumulated output is already high and not easily
doubled, while price drops can be relatively fast for micro-CHP when cumulated output (sales) is high. Initial

market share of micro-CHP is therefore set to be at 1% of the market, in order to avoid extremely strong

5 For a proper learning curve, technology costs should drop, rather than prices, since prices incorporate market effects and business
strategies as well as technological development. However, due to the difficulty of obtaining cost data, the majority of recent experience

studies have been estimated using average prices (Papineau, 2006), an approach to which our study aligns.
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learning effects in the very early stages of sales, which disturb the purpose and value of our analysis.’
Installation costs for both technologies are not explicitly modelled, but are assumed to be incorporated in the
price of purchase. Note that this insert the implicit assumption that price dynamics for installation costs due to
learning and experience are therefore similar to price dynamics for the technology stricto. Subsidy is set

exogenously in the explorative simulations.

Usage costs includes the cost of natural gas use, the cost of buying electricity from the retailer and the (possible)
profit from selling domestically produced electricity. When the consumer is to make a purchase decision, she
will make an estimate of usage costs for both condensing boilers and micro-CHP. In making this estimate,
consumers assume a usage horizon, i.e. alimited amount of time to take into account when considering usage
costs. For our simulations, we assume an equal usage horizon for al classes. In practice, a consumer does not
weigh upfront cost and usage cost equal in relation to each other, following theoretical notions that upfront costs
are generaly over-estimated, while usage costs are generaly under-estimated (see also Sauter and Watson,
2007). By including a time horizon as well as by exploring discounting rates, we can account for weighing

usage costs somewhat less in comparison to costs of purchase.

The additional amount of natural gas required for micro-CHP application for various natural gas demand figures
isgivenin Table 3 for three HPR values. When considering purchase of a micro-CHP unit, a consumer will take
into account the additional intake of natural gas as well as the amount of electricity produced. Since average
electricity demand for a Dutch household is about 3400 kWh, excess electricity may be produced at low HPR
vaues. For our simulations, we assume that micro-CHP unitsis introduced on the market with a HPR of 9 at the
start of the simulations, then slowly declining over time due to technologica learning. The model does not
explicitly distinguish between various types of engines and their specific HPR values, rather using a continuum
of HPR improvements. Other than with price development, we assume that HPR improvements follow alogistic
curve to reflect progress rate for a technology in the long term (Pan and Kdéhler, 2007), falling along the S

shaped curve to an asymptote value in the long run:

HP
HPR = HPR +T§ﬁm 2

This curve describes dynamic learning in the heat-to-power ratio, where HPR drops logistically from an
exogenously set high asymptote (HPRyp) to an exogenously set low asymptote (HPR_ o). Growth rate of the
curveisreflected by , set exogenoudly at 0.2 for both technologies. Time is reflected in t, while the deflection

7 For condensing boilers we assume an initial market price of €2500, at a market size MSat t=0 of 39600 and  of 100. For micro-CHP we
assume (at t=0) an initial price of €6500 at amarket size MSof 400 and of 100. Py(0), which represents the price at t=0 but at market
size 0, can then be calculated as follows: Po(0)=Pus(0) / ( * MS) . For condensing boilers Py(0) is then €68162, for micro-CHP Py(0) is
then €65205.
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point of the S-curve is given by TLF, representing paradigmatic technological life-time, i.e. a measure to
determine ex ante the time it takes to reach technological maturity. A reasonable assumption for the

technological life-timeis 15 years, i.e. the time of a new technological generation.

Table 3: Additional amounts of natural gas intake required for electricity production with micro-CHP, at three

different power-to-heat ratios

Average natural Addional natural gas required

gas use per for electricity production by Electricity production (kWh)
Housing type household for micro-CHP (m®

heating, 2007

(m® per year) HPR=4 HPR=6 HPR=9 HPR=4 HPR=6  HPR=9
free standing 2 559 640 427 284 5624 3750 2500
two-shared 1855 464 309 206 4077 2718 1812
corner house 1771 443 295 197 3893 2595 1730
block house 1495 374 249 166 3286 2191 1460
appartement 1108 277 185 123 2435 1624 1082
average 1671 418 279 186 3673 2448 1632

Calculated fromfigures on 2004 in VROM (2007).

Electricity produced by means of micro-CHP can either be used domestically or sold back to the grid,
generating profits from a feedback price. Feedback and additional uptake of electricity fluctuate largely over the
course of aday and a year, since fluctuations in electricity demand are not entirely in line with fluctuations in
heat demand (Sauter et al., 2006; Elzenga et al., 2006; Watson et al., 2006), but these fluctuations are for now
ignored in our modelling exercise. It has been suggested that consumers may trade electricity on the market as
true electricity producers, depending on electricity feedback price and gas price. However, since electricity is
produced along with heat, demand for electricity may not meet (or exceed) this supply. Technically, when
applying a micro-CHP system there is almost always a gap between supply and demand, which does not alow
consumers to individually set the share of feedback according to high or low prices. However, in an economic
prospection, a rational consumer considering the purchase of micro-CHP will try to make an estimation of
feedback shares in order to estimate the cost of usage. For our present simulations we thus assume that
consumers are not able or willing to shift the share of electricity that is sold back to the retailer (‘feedback’),
which for our reference case will be fixed at 20%, while the remaining 80% will be used domestically. A
feedback share of 0.2 is close to the HPR of 4.4 of Dutch households (see section 2.1). Strong deviations from
this setting are not considered to be redlistic in general practice. Furthermore, thisintroduces the assumption that
al eectricity produced and used domestically can aso be accommodated, which is not necessarily so in reality

but which for our modelling purpose follows trends on increasing domestic demand for electricity.

Prices of natural gas, electricity and feedback of electricity are subject to large variations over time, so various
simulation runs will have to be made on various estimates. For the baseline runs, gas price is fixed at €0.55/m®,
electricity price is fixed at €0.23/kWh and electricity feedback price is considered to be zero, to be explored
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further in the simulations. All prices include taxes and distribution costs and reflect real present (2006) prices.
The model can easily be extended to reflect endogenous price development, e.g. according to trends from the
past, but resource prices are generally very hard to estimate, so for now we leave these exogenous to explore in
the context of simulations. In the baseline scenario feedback prices are set to be zero, but in this will further be
explored in the scenarios. Since both technologies operate on natural gas, usage costs for both technologies
increase with higher gas prices. For micro-CHP this will be considered in a trade-off with electricity prices: if
electricity price is high, it becomes of interest to produce electricity domesticaly and profit from avoiding the
purchase of expensive electricity from the grid, as well as profit from a high price of feedback to the grid. All
usage costs are discounted at a rate of 0.04, with a user horizon of 7 years, i.e. usage costs after more than 7
years of purchase are not taken into account for the estimate of usage costs. The aggregate usage costs may be
lowered by an exogenoudy set subsidy. Finally, the rationality of the consumer’s choice may be loosened in a
number of simulations, most specifically when exploring the often held assumption that upfront costs are
generally over-rated, while operational costs are often under-estimated (see al so Sauter and Watson, 2007).

3.3  Technical model description

The model represents a market composed of several firms on the supply side and several consumer classes on
the demand side. The model is demand-pull, that is, consumers go on the market and make their selection to
make a purchase. Firms record sales and, possibly, update the product’s characteristics that depend on

experience, sales level or any other varying element.

Demand activities, in each class independently, have the following structure:

Determine the number of consumers entering the market at each time step. Thisis computed on the basis of
technical obsolescence of existing installed base and the number of consumersin the class currently owning
failing products. The model keeps track of the time when each consumer made its purchase, and all

consumers owning products reaching the date of obsolescence enter the market to buy a new product.

Each consumer needing a new product executes the following routine, each steps of which is further
elaborated below:

o0 ldentify the set of products within a visibility range. If a technology lacks promotion through
advertisement or did not enjoy sufficiently high market shares, many consumers may not be aware of
the existence and benefits of the new technol ogy.

o0 Compute the total costs for each visible technology.
0 Choose the lowest cost visible option.

0 The costs are computed on the standard use of the product for each consumer, as specified by the
parameters affecting all consumers members of a class. Costs are distinct between upfront costs and

usage costs, as explained in the previous sub-section.
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Visibility is ameasure giving the probability that a product j is considered as an available purchase. Visbility is
avalue between 0 and 1, which increases constantly over time with a speed that depends on the advertising A,
for the product and its installed market share ms, measured at the previous time step. At any time t the
probability that a product j will be considered for purchase (i.e. the visibility) is then:

Vi(t) = MAX [V{(t-1); A + ms(t-D) ] ©

where V| isthe visibility of product j, A is the exogenously set level of advertising, ms(t-1) isthe market share
of product j at t-1 raised to the power of , which is a parameter reflecting the effect of market size or
confidence in the market. It can be interpreted as a bandwagon effect, with consumers following the mass of
previous decisions (Smallwood and Conlisk, 1979). Each consumer draws a random value from a uniform
distribution in [0,1] and if this value is lower than V; product j is visible and therefore evaluated. Among all
visible products each consumer i assesses the total costs for the technology j and chooses the cheapest one. Total

costs is composed of an upfront cost and usage cost (cost of operation):

Cij(t) = Ci(t) + CY,; 4)

Upfront cost ij(t) are identical for all consumers and reflects the price of the product at the time Pj(t)
(including installation, taxes and purchase), possibly subtracted by asubsidy S:

Ci=P@® § ®)

The price Pj(t) of the product decreases following a progress rate, which is determined as explained in Eq. (1).
The model allows for various settings of the subsidy S: fixed subsidy for each purchase, fixed subsidy for each
purchase divided by the number of consumers, or varying subsidy depending on the price difference between the
old and the new technology. All subsidy schemes can be set to run infinitely or up to the point where cumulative
subsidy reaches an exogenously set threshold val ue, representing the aggregate subsidy budget. Subsidy settings
will be explored further in various scenariosin section 4.2.

Usage costs C'(t) vary for the consumer classes, depending on class characteristics, technical properties of the
product and settings of the regulatory and economic regime. Usage cost is calculated as follows:

T [PP(G™ +G)- (RLE, (- 5)+RLE s) +CM,
=1 (@+r)

SOE (6)

The relevant class specific consumer characteristics are:

ri: discount rate, weighting future costs in respect of present ones. The higher the discount rate the lower

future costs are accounted for.
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Ti: user horizon. Time span considered by the consumer when eval uating usage costs.
G™:: gas consumption for heating per household (TH denoting ‘thermal’).

GF;: gas consumption for electricity production per household, where G5 = G™; * HPR, and HPR; is the
power-to-heat ratio of technology ; (set at 1 for condensing boilers).

Ei;: electricity produced in a household i by means of the technology j.

s: share of CHP-produced electricity that is sold back into the grid. The complementary share 1 s is used
domestically.

Global parameters and variables, describing the policy overall economic regime, influence the usage costs by
means of the following values:

P®: Price of gas;
PBw: price of electricity bought from the grid;
PSa price of electricity sold to the grid (feedback price);

CM;: annual cost of maintenance for product j.

The cost of usage may be decreased by either one of two subsidy schemes, one subsidy of usage S for each
kWh of electricity produced, or another subsidy for feedback S° j for each kwWh of electricity sold back to the
retailer. These subsidies are both set at zero for the baseline reference, but are explored further in section 4.2.

Note that equation (5) does not take into account aggregate household electricity demand, but rather the amount
of dectricity saved by installing the new technology. In other words:

PS(G™ + GF) denotes total costs for use of natural gas;

PBkWEi,js denotes the amount of electricity produced and used domestically, so basically calculating profits
in terms of avoided costs;
PwEijl (1-s) denotes profits from selling back electricity to the grid at a feedback price;

S isthe profits due to subsidy for use (a parameter discussed later in the simulations Section).

Where applicable, units are re-cal culated to match other values in an equation by means of coefficients, e.g. on

caloric value of natural gas, and re-calculating kWh electricity and m® of gasto GJ of energy.

A sensitivity analysis was performed on the settings of market size, progress rate, discount rate, technological
life time, user horizon and share of electricity feedback. Specifically the settings of progress and discount rate
are important to take into account as important for affecting final results. User horizon is important, but
essendgtially shortens discount rates. For all other settings, empirical founding can be made. An elaborate
sensitivity analysis can be obtained with the authors.
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4 Simulations and policy scenarios

The micro-CHP technology is foreseen to enter the market at a price of €6500, which exceeds the price of €2500
of the old technology to such an extent that it will never be able to outcompete the incumbent technology. In a
series of simulations we will explore the settings necessary to realize a significant or full scale market
penetration. Simulations will be made on various gas and electricity prices, as well as on various policy
interventions, such as subsidies, timing and information campaigns, increasing visibility of the new technology.
We & so explore some preliminary simulations with extending consumer classes in terms of house ownership,
which can be taken to be indicative of parameters such as user horizon and discount rate. The model is
initialized with the parameter settingsin Annex 1. All simulations involve 100 time steps and random seed of 5,
unless stated otherwise.

4.1  Simulations of price effects

Attractiveness for the new technology largely depends upon the additional feature of electricity production. This
feature becomes more attractive when electricity sales and feedback prices are high, giving the new technology
an advantage on the market. Higher gas prices, on the other hand, may inhibit attractiveness, since the micro-
CHP requires a larger intake of gas in comparison to the old technology. Dynamic prices of electricity and gas
may lead to various trade-offs, which can be explored. Our first set of simulations addresses the market effects
to differences in prices for the technology and feedback prices, to variations in prices of eectricity and natural

gas and to some variationsin demand levels:
Exogenous effects: Investigate several scenarios for natural gas price and electricity prices.
Supply dynamics: Investigate various feedback tariffs and introduction prices.

Demand dynamics: Investigate variations in demand levels for gas and electricity.

Gas prices

Gas price is a constant parameter in the model. With natural gas price at present (2008) levels of €0.55/m® a
50% market share of installed capacity can be expected after 87 time steps. If gas price increases, costs of usage
C"(t) for micro-CHP will also increase, since additional gas intake (GF) is needed in comparison with regular
condensing boilers to produce electricity. Higher gas prices thus inhibit the diffusion of micro-CHP. This notion
is also reflected in a set of simulations: when gas price exceeds €0.90/m®, market share will 10% or less after
100 time steps. On the other hand, if natural gas prices would decrease, a 50% market share of installed capacity
is conceivable within 60 years for gas prices lower than €0.25 /m®. So even at very low natural gas prices,
market penetration of the new technology is still beyond the horizon of activity for most stakeholders in the

innovation system, who generally consider micro-CHP as a transition technology toward a renewable energy
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system in 2020-2030 (Feenstra, 2008). Moreover, a decrease in natural gas prices is presently not a genera
expectation for devel opment of natural resource prices, which are expected to increase rather than decrease.

Price of electricity

Price of electricity in 2008 in the Netherlands is €0.23/kWh. An increase in electricity price would stimulate the
diffusion of the new technology, since it becomes more attractive to replace electricity purchase from a retailer
by domestic electricity production. At an electricity price of €0.23/kWh (and gas price fixed at €0.55/m°) a50%
market share of installed capacity is reached after 84 time steps, but when electricity price exceeds €0.42/kWh a
50% installed market share can be reached within 30 years. For all electricity prices higher than about
€0.47/kWh usage costs C'i(t) drop below zero in the course of several decades, making the use of the micro-
CHP highly profitable. Thus, high electricity prices of about double the present levels, could suffice to ensure a
full market penetration of micro-CHP, provided that natural gas prices remain at present levels. However, this
scenario is not very likely, since electricity prices are still highly dependent upon fossil fuel resource prices and
fluctuations will thus reflect to some extent fluctuations in gas prices.

Feedback tariffs

Profits of micro-CHP usage and thus attractiveness of this new technology for the consumer increases with
higher feedback prices.® Another way to account for electricity pricesis to raise the price for electricity feedback
to the grid, which is set at a fixed proportion of 0.2. Maintaining a gas price of €0.55/m® and electricity price of
€0.23/kWh, we make 26 simulations with feedback tariff in the range of €[0;0.25] /kWh, in the end thus dightly
higher than the price of purchase for electricity. The effect is considerable: a feedback tariff of €0.10/kWh
would pull forward installed capacity to more than 20 years earlier (Figure 3). After 40 years, market share
would be only 0.6% without a feedback tariff, about 2.1% at a feedback tariff of €0.10/kWh and well over 10%
when feedback tariffs are higher than €0.16/kWh. Presently, prices of about €0.10/kWh are paid for electricity
produced with PV solar panels. An increased feedback tariff could reduce cost of usage considerably and make
the new technology significantly more attractive. The effect is highest near the deflection point of the S-curve,
after about 55-60 years, when differences in market shares between the simulations are largest. The effect of
feedback tariffs may still be enhanced with an (additional) subsidy for feedback, as presently in place for Dutch
users of new PV solar panels. This subsidy will be explored further below. For al further analysis we will

maintain a feedback tariff of €0.08/kWh in the baseline, which is similar to prices presently paid on the market.

8 Presently (2008), feedback tariffs for photovoltaic electricity production are provided by the major energy retailersin the Netherlands and
set according to a threshold scheme: most retailers pay back electricity sales price at low levels of feedback (until 3000 kWh) and about
€0.08/kWh for levels between 3000 kWh and 5000 kWh. A level of €0.08/kWh does not sort any effect in terms of price development or
market penetration, however, in comparison without any feedback compensation. At higher production levels the consumer is considered
to be a professional electricity provider and prices are then determined at the Amsterdam Power Exchange (APX); in our case, however,

these levels of production will not be reached.
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Figure 3: Market share of installed capacity for 25 runs with feedback prices ranging from the baseline setting
of €0.00/kWh (right curve) to €0.25/kWh (left curve).

Introduction prices

A key variable for suppliers of micro-CHG is the introduction price, which largely detemines the cost of
purchase and therefore the attractiveness of the new technology on the market. The price of micro-CHP
develops in relation to introduction price P(0) and cumulative sales X(t), according to equation (1). Increased
cumulative sales from an early stage on will therefore enhance further price development and ensure a positive
feedback, thus making the new technology even more attractive. Any supplier will try to set an introduction
price P(0) such that sales take off and production costs will drop, which in turn will lead to lower prices again
(in a non-monopolistic market, which we assume). Very high introduction prices will not affect the market and
therefore not initiate sales to ensure a price decrease. Very low introduction prices will stimulate sales and
futher price drops, but this of course comes at an investment for the supplier. This could therefore be a risky
strategy, since considerable cumulative sales are required before price drops (and thus attractiveness) become
significant. In our model we explore the effect of introduction price on the attractiveness to consumers and on
market shares. We performed a simulation with introduction prices in the range €2500 (i.e. equa to condensing
boilers at t=0) up to €12500.
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Figure 4: Market shares (installed capacity) at t=30 and t=50 as a function of introduction price.

Clearly, the introduction price significantly affects the installed market share (Figure 4). The baseline
introduction price of €6500 shows a 11.5% market share of installed capacity after 50 years, but lower
introduction prices have considerably more effect: an introduction price of €5500 shows a spectacularly higher
market share of 73.5% after 50 years. Compare this with condensing boilers, which reached a 30% market share
of installed base by 2000 (20 years after its introduction), steeply increasing to 57% market share of installed
base by 2005 (25 years after introduction) (VROM, 2007). A 30% installed base market share for micro-CHP
after 20 years, and 57% market share after 25 years, requires an introduction price of about €3800-4000. Such
prices would clearly require either high costs for the suppliers or a subsidy. The latter will be explored below.

Market shares in terms of sales exceed 50% after 25 years for introduction prices of € 4700 or less; compare this
with condensing boilers, which reached 50% market share in terms of sales in 1996, 15 years after their
introduction. A comparable development for micro-CHP reguires an introduction price of about €3800 or less, a
level that again requires arelatively high subsidy or considerable investments for the suppliers.

Demand variations

Variations in demand levels for gas and electricity could affect the attractiveness of micro-CHP: a high natural

gas demand for heating purposes co-produces relatively large amounts of electricity, thus providing opportunity
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for profit to offset the higher purchase price of the technology. In other words: to consumers with high gas
demand for heating, micro-CHP is more attractive than to consumers which have a low demand for gas. From
this perspective, the diffusion of the new technology (micro-CHP) competes with measures to decrease gas
demands, e.g. insulation measures. To explore the effect of high levels of gas demand, we run one simulation
assuming that all consumers live in a free-standing house, which has the highest level of gas demand (2559 m®),
and another simulation assuming that all consumers live in appartments, which have arelatively low level of gas
demand (1108 m®). The effect of these simulations is highly significant: after 50 years, the market share of
installed capacity for micro-CHP would only be 9.5% in the baseline setting, but in the high gas demand
scenario a market share of installed capacity of over 88% would be reached. In 36 years a 50% market share of
sales would be reached. On the other hand, in the scenario where al households would have an energy demand
equal to appartment dwellers shows no market penetration at al, not even after 100 years (Figure 5).

075 |
setting: all demand
at 2559 m® (free
0.5 + standing houses
baseline setting,
0.25

setting: all demand
at1108 m®
(appartments)
1 |
1 T T 1

0 25 50 75 100

Figure5: Market shares of installed capacity for micro-CHP for three runs with varying gas demand levels

(settings according to housing type).

The effect of gas demand is further enhanced at higher electricity prices: at an electricity price of € 0.46/kWh
(double present prices) a 50% market share is now reached in resp. 20, 26 or 46 years for the three scenarios
with decreasing gas demand (Figure 6). The effect of gas demand thus significantly increases when electricity

prices are high, sinceit is easier to make profit of high intake of gas.

This result shows that insulation measures to decrease heating and thus gas demand are in competition with the

attractiveness of micro-CHP, which is operated following heat demand in households. Theoretically, this
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conclusion is no surprise (Van den Bergh et al, 2006), although the levels of investigation in these scenarios
may not seem very realistic. We therefore explore three more realistic simulation runs of ‘insulation scenarios’,
where we maintain al original classes, but each with reduction in gas demand of 10%, 20% and 30%,
respectively. Even for such moderate reduction levels the market penetration of micro-CHP is seriously
inhibited, with no market diffusion at al within 100 years for insulation levels of 20% or higher, and only very
moderate diffusion with insulation of 10%. Thisis aresult to take seriously into account, since it confronts other
policy targets with respect to energy savings. Results of such a policy will thus significantly decrease
attractiveness of micro-CHP. To stress this result further, we also explore a ‘natural gas scenario’, where all
consumers have a higher gas demand of respectively 10%, 20% and 30%. Here, the penetration of the market
speeds up with higher gas demands, realizing a 50% market share of installed capacity after respectively 52, 46
and 42 years, compared with 61 years in the baseline scenario. These results feed the intuition that older, less
well insulated houses are more appropriate to install micro-CHP than new and better insulated houses. This
notion is reinforced by the fact that increasingly new housing projects are built without a gas infrastructure and
where space heating is provided by electric heating systems.
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Figure 6: Market shares of installed capacity for micro-CHP for three scenarios of varying gas demand levels

and two electricity price levels.
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4.2  Simulations of policy measures

Subsidy schemes for purchase

All simulations to explore policy measures start with the Annex 1 settings, where micro-CHP is introduced at
€6500 and competing with condensing boilers with P(0) of €2500. Feedback tariff is maintained at €0.08/kWh.
The baseline effect is a market share of only 0.4% in 30 years, but a 50% market share in 62 years. In order to
explore policy opportunities to enhance a more convincing market take-over of micro-CHP, we run a number of

simulations with various subsidy schemes for purchase of a micro-CHP unit.

First, we explore arange of settings for a fixed subsidy for purchase of a micro-CHP unit, in order to investigate
the subsidy level required to reach a 50% market share of installed capacity within 20 years. We run 100
simulation with subsidies in the range €]0;4950]. Note that the subsidy is a fixed amount and maintained during
the whole simulation period. The subsidy effect in terms of installed market share after 20 years shows an S
shaped curve with a maximum of about 54% (Figure 7). In order to affect a 50% market share within 20 years,
subsidy will have to be at least €3250; higher subsidies do not show very significant additional increases in
installed market shares, remaining in the range between 50% and 54%. A similar conclusion can be drawn on
the low subsidy ranges. any subsidy lower than €1400 will not affect more than 2.5% market share within 20

years. Clearly, in the range between €1400 and €3250 the effect of higher subsidiesis considerable.

installed market share after 20 years
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Figure 7: Installed market shares of micro-CHP after 20 years for various subsidy levels.
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years until reaching 50% market share in annual sales
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Figure 8: Yearsuntil reaching 50% market share in terms of annual sales
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Figure 9: Prices after 25 years for various subsidy levels.
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A more volatile indicator for the effect of subsidies is the market share in terms of sales, rather than installed
capacity. Here the effect is much more pronounced (Figure 8): any subsidy higher than €1850 gives a 50%
market share in terms of sales within 20 years. Comparing again with the diffusion rate of condensing boilers,
that showed a 50% market share in sales after 16 years, any maintained purchase subsidy of €2200 or more will
be required to generate a similar diffusion rate.

Prices are also significantly affected (Figure 9): while prices hardly show any decreases in the coming 25 years
with subsidies below about €700, decreases are considerable for any higher subsidy. For subsidies higher than
about €1900, margina price decreases for higher subsidies are not very significant any more. Subsidy
effectiveness with respect to price is highest in the range €1150-€2500, where each euro subsidy affects a price
drop of at least 1,5 euro.

Presently (2008), Dutch authorities are considering the introduction of a €1000 subsidy for purchase. Although
this would generate 50% market share in terms of salesin 41 years, it would hardly generate any effect within
20 years: market share in terms of installed capacity would be only 0.5% and market share in terms of sales
would be 2.4%. The cumulated cost of a subsidy scheme depend on the subsidy level aswell as on the aggregate
effect, which determines how many users receive a subsidy for purchase of a micro-CHP. A subsidy of € 1000
for each micro-CHP unit would cumulate up to only €20.3 million in 20 years, largely because of negligle effect
in terms of market shares. A double subsidy of €2000 would have a significantly larger effect and force a market
share of installed capacity of over 20% after 20 years. On the other hand, costs are also considerably larger,
cumulated to no less than €1655 million over 20 years or ailmost €83 million per year (Table 4). Such high
cumulated figures seem well beyond political feasibility, considering that presently a subsidy scheme has been
announced of €62 million until 2011, to account for 55000 solar boiler systems, 7000 heat pumps and 10000
micro-CHP units.

Table 4: Various subsidy levels and their effect on market penetration and cumulated amount of subsidy.

Installed market  Cumulated amount of

Subsidyperunit  shareafier subsidy (€milons) AT Yews oreach
20 years (%) after 20 years

0.1 0.0 0.0 62
500 0.2 3.3 0.2 49
1000 0.5 20.3 1.0 41
1500 4.8 292.2 14.6 32
2000 20.6 1655.0 82.8 27
2500 38.5 3875.0 193.8 23
3000 48.8 5958.6 297.9 21
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Clearly, a policy maker needs to balance the effect of a subsidy scheme with its costs, both in the short term as
well as in the long term. This balance can be made by phasing out or abolishing a subsidy when its effect is
reached. Therefore, another set of simulations can be run with a fixed subsidy budget; subsidy drops to zero
after the budget is exhausted. We run 77 simulations on subsidies in the range of €[0;3000] in steps of €500 and
with various subsidy budget capsin the range of €0;100]million in steps of €10 million. Any subsidy affects the
UpfrontCosts, which is considered for purchase of the new technology. Once the subsidy budget is exhausted
the subsidy returns to €0 and UpfrontCosts is elevated to a level determined again solely by price of purchase
and installation. A subsidy budget is exhausted quicker with higher subsidies per unit, and the increase in
UpfrontCost is much higher than with moderate subsidy levels (Figure 10).

UpfrontCost development with a subsidy budget of €20M
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Figure 10: UpfrontCost development for seven subsidy schemes and a budget constraint of €20 million.
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Installed market share for a subsidy level of €1500 and various budget constraints
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Figure 11: Market shares for seven simulations with a subsidy of €1500 and subsidy budgets of €10-100 million,
in steps of €10 million. The lower the aggregate subsidy budget, the quicker it is exhausted and the earlier
market diffusion falls back.
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Figure 12: Market shares for six simulations with a subsidy in the range of [ 500-3000] , constrained by a
subsidy budgets of €60 million.
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The effect of budget constraints on installed market shares is surprisingly low: for subsidies of €2500 or lower,
the effect on market diffusion is marginal. See for example a run with a subsidy of €1500 subsidy and various
budget constraints (Figure 11). Comparing figures 14 and 15, no large fallbacks in market penetration can be
distinguished at the points where UpfrontCosts are increasing again. Only for very high subsidies and relatively
small subsidy budgets a moderate decrease in the speed of market diffusion can be distinguished. The most

important parameter to affect market penetration remains the level of subsidy per unit (Figure 12).

Of course, providing a subsidy irrespective of the level of market penetration and therefore the level of support
needed for full scale diffusion of the new technology is not very cost-effective. Other subsidy schemes can be
explored in future simulations, for example with a subsidy dependent on the number of consumers or on the
(decreasing) price difference between the two competing technologies. Of course, for these variations subsidies
can be capped with a subsidy budget as well, making a subsidy scheme temporary to the initial stages of the

simulation and, if succesful, to market diffusion.

Subsidy schemes for usage

Another policy measure could be to provide a subsidy for the use of the new technology. Conceptually, such a
measure does not necessarily reflect a subsidy or tax advantage, but may also involve a regulatory measure to
improve ingtitutional feedback price provided by the energy retailers. In the policy practice of our model,
however, we align with recently imposed Dutch policy for sustainable energy technologies. Two variations are
explored in this paper: subsidy for domestic electricity production and subsidy for feedback of electricity. In
Dutch policy, the first variation is presently (since early 2008) in place for PV-produced electricity. For both
variations we maintain the assumption that consumers do not have the opportunity to decide on the share of
electricity that is sold back to the retailer and feedback share s is fixed at 0.2 for all explorations. We aso
maintain the baseline with a fixed feedback price of €0.08/kWh offered by the retailers. Both subsidy schemes
can be maintained infinitely or capped to a maximum subsidy budget MaxSU, after which subsidy falls back to
zero. Finally, only one of the subsidy schemes for usage can be in place, so if a subsidy is provided for

electricity production, there is no (additional) subsidy for feedback of eectricity and vice versa.

First, we explore a subsidy S in the range €[0.00;0.20] for each kWh of electricity produced. The effect on
installed market share is significant: while without any subsidy 50% market share would be reached in 62 years,
this would be in 27 years with a subsidy of €0.10/kWh and about 21 years for a subsidy of €0.20/kWh. The
effect of the subsidy becomes increasingly less significant, but is aready very effective for small subsidies, with
50% market share in 49 years for a subsidy of only €0.01/kWh. After 20 years, effects are clearly visible for
subsidies of about €0.09/kWh and higher, with rapidly increasing effect for higher subsidies (Figure 13).
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installed market share after 20 years
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Figure 13: Installed market shares of micro-CHP after 20 yearsfor various subsidy levels.
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The effect on price development is even more clear: without a subsidy the price after 25 years would be €6408,
but with a subsidy of €0.10/kWh this would be a price of €3646 (Table 5). A subsidy for usageis generaly thus

very effective, but comes at a cost, of course. Any subsidy lower than €0.10/kWh will require less than €10

million each year, but this budget quickly rises with higher subsidies. Moreover, while higher subsidies are of

course more effective in reaching higher market shares, each euro invested becomes marginaly less effective in

terms of installed market shares. In terms of price decreases after 25 years, price drops are only small in subsidy

ranges up to €0.03/kWh, while above €0.13/kWh additional price decreases are only marginal. Effect is largest

for subsidiesin the middle ranges.

Table 5: Various subsidies for electricity production and their effect on market penetration, price and

cumulated amount of subsidy.

Subsid_y_for SRS Cumu_lated S i Annual subsidy in Years to reach price after 25
ele(}tnmty share after Slsles; (i o) the 20 year period (€) 50% market share years (€)
production (€/kWh) 20 years (%) after 20 years

0.00 0.0 0.0 0.0 62 6408
0.01 0.1 0.4 0.0 49 6302
0.05 0.5 15.6 0.8 32 5253
0.10 4.1 191.6 9.6 27 3646
0.15 17.5 1195.3 59.8 23 3011
0.20 29.0 2949.8 147.5 21 2791
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Second, we explore asubsidy S j in the range €[0.00;0.20] for each kWh of electricity fed back to ‘the grid’. The
effect will in any case be less profound than subsidy for use, since only 20% of the electricity domestically
produced will be fed back as the feedback share 5 is fixed at 0.2. For the same range of subsidy levels, the effect
will be margina on the relatively short term of 20 years, with only very small market shares of installed
capacity, very small price drops and relatively long periods before a 50% market share is reached (Table 6). On
the other hand, cumulative subsidy levels are also small, accounting up to only several million euros for subsidy
levels up to €0.20/kWh fed back. For larger subsidies, say €0.40/kWh, the effect remains relatively moderate,
but the cumulated amount of subsidy after 20 years is more than an order of 10 larger than for subsidies of
€0.20/KWh.

Table 6: Various subsidy levels for feedback and their effect on market penetration, price and cumul ated

amount of subsidy.

Subsidy for Installed market ~ Cumulated amount of :
feedback Slrare AR subsidy (€ millions) Years to reach price after 25
50% market share years
(€/kWh) 20 years (%) after 20 years

0.00 0.1 0.0 62 6389
0.01 0.0 0.0 63 6445
0.05 0.1 0.5 55 6239
0.10 0.1 1.4 50 6157
0.15 0.2 2.9 47 5968
0.20 0.1 7.0 45 5613
0.40 2.1 89.8 36 4042

Concluding our assessment of subsidies for micro-CHP, we compare the three subsidy schemes above with
respect to two policy criteria: 1) a fixed policy goa of 15% installed market share after 25 years (which is
assumed for analytical purpose and not a goal in present policy), and 2) a price difference of €1000, which is
aimed for by some manufacturersin the long term. Here we again take a horizon of 25 years. With respect to the
first criterion, we find that a purchase subsidy of €1420 per unit is required, a subsidy for electricity production
of €0.10/kWh or a subsidy for feedback of €0.47/kWh (Table 7). The effect on prices or market shares in terms
of sales is not very discriminating, but the cumulative subsidy budget required is significantly lower for the
feedback subsidy scheme, requiring a budget of €30 million per year. With respect to the second criterion, we
find that a subsidy for purchase is more cost effective, since cumulative subsidy is about €105 million per year,
some dozens of millions lower each year than for the other subsidy schemes. The effect on market share in
terms of sales is about 69%, which could increment to 80% for a subsidy for usage. Such a scheme would,

however, come at much higher cumulative costs.
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Table 7: overall result after 25 years according to two assessment criteria

cumulative subsidy cumulative subsidy Cliuer GIEeS AT 45 years

Subsidy type Level required (million €) (million €/year) market share

price (sales)

CRITERIUM 1: 15% market share after 25 years

Subsidy for purchase €1420/unit 921 37 3663 0,49
Subsidy for usage €0,10/kWh produced 900 36 3646 0,48
Subsidy for feedback €0,47/kWh fed back 753 30 3729 0,46
CRITERIUM 2: € 1000 price difference after 25 years

Subsidy for purchase €1850/unit 2628 105 3056 0,69
Subsidy for usage €0,15/kWh produced 3848 154 3011 0,80
Subsidy for feedback €0,70/kWh fed back 3220 129 3071 0,66
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5 Conclusions

Modelling issues

We developed an agent-based model to investigate various demand scenarios in relation to domestic micro-
cogeneration in the Netherlands. In our model, micro-CHP enters the market to compete with the incumbent and
well-devel oped condensing boiler heating technology. Both technologies compete with each other in terms of
their attractiveness, which is determined by upfront costs as well as operating costs. Micro-CHP is generally
more expensive to purchase, but offers the additional feature of electricity production at an additional intake of
natural gas. The model aims to explore several technological and economic characteristics and settings, as well
as the effect of a number of policy interventions. The conceptual model outline is essentially a core model,
which has been extended to explore demand for micro-CHP technology. In future studies, this core model can
also be easily geared to the study of other demand articulated technologies, thereby specifically defining
consumer classes, technology features and economic context. We would propose to apply and test this model for
other applications of domestic sustainable energy technology. In the future, the model may also be applied for

consumer technologies that are defined differently, e.g. by fashions or type of ownership.

The agent-based character of the model insert a stylised representation of the relevant actors, and then generates
via computer simulation a virtual history, reflecting the consequences for the simulated system through time.
The agent-based model can be embedded with the desired level of detail, and can be used to test both its
capacity to reproduce real events, and the likely outcomes under any number of possible variations. The model
contains some evolutionary economic elements, particularly on heterogeneity of demanding agents, some
randomness in assessment of quality and discounting and diversity of strategies, and the effect of cumulative
sales to affect some level of lock-in for the incumbent technology. Calibration of agent-based models is
generally perceived to be a major bottleneck. Our model is calibrated with empirical data on learning rates,
housing types, gas and electricity demands, technological efficiencies and other characteristics, number of
households and its classifications, which could contribute significantly to understand the relevant social
mechanisms in relation to demand articulation. It should be noted that the model can be used to explore demand
for the micro-CHP, as well as demand-oriented policy measures. It does not investigate the incorporation of the
new technology in the electricity system, which may well become an inhibiting issue a some point of the

diffusion of the new technology.

The application of agent-based modelsin policy research and advice is yet to fully take off and still has alot of
promises to fulfill. Most notably, ABM will focus on process dynamics rather than on outcomes and as such
provide different input in the policy process when compared with results of ‘regular’ neo-classical economic

models.
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Smulation issues

The market diffusion of micro-CHP is affected significantly by resource prices. Since the technology requires a
higher intake of natural gas in comparison with condensing boilers, a higher gas price will severely inhibit
diffusion of micro-CHP on the market. Such developments are not unlikely considering the present trend in
rising fossil fuel prices. On the other hand, a higher price of electricity will render the micro-CHP technology
more attractive, since it alows to replace expensive electricity with domestically produced electricity.
Furthermore, micro-CHP will become even more attractive if a significant feedback price is paid to compensate
for feedback of domestically produced electricity to the grid. However, it is highly unlikely that electricity
prices will increase (considerably), while natural gas prices will remain at relatively low level. On the other
hand, household demand for electricity is ever increasing, so it may surely be interesting to produce at least part
of the amount required domestically in order to avoid buying electricity from a retailer. This development is,
however, offset by developments in household natural gas demands. An increase in natural gas demand will
render micro-CHP considerably more attractive, but in the much more likely scenario where gas demand

decreases because of efficiency measures such as insulation, micro-CHP is quickly competed out of the market.

At the baseline settings, micro-CHP will enter the market as a small niche, slowly increasing along an S-shaped
diffusion curve to 50% of installed market share after 62 years. Prices will drop only very slowly, from €6500 at
the outset to about €5000 after 40 years. Diffusion is primarily driven by the lower costs of operation for micro-

CHP, provided that gas prices remain low and energy efficiency measures are not effective.

A subsidy could considerably affect the diffusion rate of micro-CHP, most notably by decreasing the price of
purchase at which the technology enters the market. While a market introduction price of €6500 would lead to
an installed market share of amost 12% after 50 years (and virtualy no market share after 30 years), an
introduction price of €5500 would lead to an installed market share of amost 74% after 50 years, and 6.2%
market share after 30 years. Clearly, even lower introduction prices would yield even more spectacular results,
athough prices below about €4000 give increasingly smaller marginal results if measured after 30 years. A
subsidy budget to constrain the does not affect results much for budgets of €10 million or more and for subsidies
bel ow about €2500 per unit.

A comparison of the various subsidy schemes shows that they can be assessed in terms of effectiveness or
efficiency, but that the ‘best’ scheme depends on the policy criteria assumed. For example, a goal in terms of
installed market share in 25 years shows that a subsidy for feedback requires the smallest subsidy budget, but a
god in terms of a price difference in 25 years shows that a purchase subsidy is cheapest for the intervening

government.
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Future research

For future research we aim to investigate the effect of some other policy options as well, e.g. to increase
visibility through advertisement campaigning or to reduce consumer uncertainties regarding the new technology
(see Meijer et a., 2007), e.g. by reducing the random threshold that compares with visibility in the model
structure (see section 3.2). Furthermore, some more sophisticated subsidy options may be run, e.g. with subsidy
dependent on the number of adopters or on the price difference between the two technologies, where a subsidy
is set as a percentage of the price difference. All these subsidies can be capped with a subsidy budget. Also,
various combinations of policies can be explored. The model in the present outline does allow to make such
simulations if desired. Furthermore, it would be useful to include a policy assessment in terms of environmental
impact, which would require only moderate extensions of the model. Another interesting extension of the model
could be to include a further classification of consumers, most notably in terms of house ownership. It is
conceivable that house owners, landlords or socia housing corporations have different incentives to purchase a
micro-CHP, but the model does at this moment not yet allow to explore these issues further.

Finaly, the model outline allows to make adaptations to explore the competition for adopters between any two
technologies on the market. Presently, we aim to make a validation of this project on the competition of
condensing boilers with its predecessor, which alows for the inclusion of empirical historic data (Faber et al, in
progress). This project requires some adaptations on technological features, but retains the characteristics of
consumers. Clearly, for the competition of radicaly different technologies more thorough adaptations are

reguired, but the conceptual setting of our model could serve as a core model for such explorations.
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ANNEX 1: Initial baseline parameter settings

GENERAL PARAMETERS (Objects: Supply and Demand)

pe Price of gas €0.55 /m®
PP Price of electricity bought from the grid €0.23 /kWh
PSw Price of electricity sold to the grid (feedback price) €0.08 /kWh
MS Market size 40 000
Scaling parameter 100

TECHNOLOGY (j) SPECIFIC PARAMETERS AND VARIABLES (t-1) (Object: Firm)

conbdot?resring micro-CHP
P;(0) Price at t=0 € 2500 € 6500
X(0) Initial cumulative sales (sum equals market size MS) 39 600 400
LT Life time of technology (age of replacement) 15 years 15 years
PR Progress rate 0.86 0.86
HPR; 1 | Power-to-heat ratio at t=0 1.0 9.0
Parameter beta (growth rate HPR learning) -0.2 -0.2
TLF (Paradigmatic) technological life time 15 years 15 years
TF Technology factor to describe effect of HPR 0.0 1.0
sh Subsidy for purchasing the product j €0.00 €0.00
sY Subsidy for using the product j €0.00 €0.00
A Advertising factor 0.00 0.01
V; Visibility at t=0 1.0 0.0
j Parameter sigma (confidence in the market) 0.33 0.33
CM; Annual cost of maintenance €80 €150

P;(0) depends on P(MS) according to P(0)=P(MS) / ( * MS) . Seefootnote 8 for further explanation.

It requires aformal setting of P,cqp(0) of 65205 and Pgong (0) of 68162.

CLASS (i) SPECIFIC PARAMETERS (Object: Class)

free 2-shared | corner block appt.

G™ Gas consum?tlon per household for heating 2559 1855 1771 1495 1108
purposes (m®)

DR; Discount rate 0.04 0.04 0.04 0.04 0.04
UH; User Horizon (years) 7.0 7.0 7.0 7.0 7.0
FBS"® | Share of electricity feedback to retailer 0.2 0.2 0.2 0.2 0.2
CS; Class size (share) 14.7 12.9 12.6 28.4 31.5
Vi Variance (error in computing usage costs) 0.1 0.1 0.1 0.1 0.1
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