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ABSTRACT

MODELING THE DIFFUSION OF
MICRO-CHP IN A RESIDENTIAL
AREA

by Christian Chemaly

A thesis presented on the diffusion of micro-CHP in a residential area
consisting of houses with multiple owners, currently using condensing boilers.
The thesis shows that micro-CHP will not reach 50% of the market in less than
20 years. Furthermore it analyses the impact of the heat demands, the gas

electricity and feedback prices as well as the subsidies on the speed and time of

adoption of micro-CHP.
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CHAPTER I - INTRODUCTION

MOTIVATION

According to the first law of thermodynamics, “egyermay neither be created nor
destroyed, it can only be transformed”. Accordingtihie law of conservation of

energy, it is clear that energy cannot come fromd.vbhat said, the primary sources
of energy are, to this day, non-sustainable andranawable fossil fuel such as coal
and petrol. Once burnt, the latter cannot be reusewaically, the process of creation
takes millions of years. Therefore, now that thssiofuels are becoming scarce,
alternatives are being researched, in order tefgdtie constantly increasing energy
needs of the planet. Factories, cars, houses, smmpsalmost everything requires

energy for light, heat, travel and communication.

On the other hand, in almost all combustion reastidoxic gases are emitted in the
atmosphere as a result of the reaction betweeneoxsigd fuel. Carbon oxide (CO),
carbon dioxide (Cg), sulfur dioxide (S@ and nitrogen oxide (pD)are but a few
examples of those toxic gases released. Once dntittese gases create a “shell” in
the atmosphere thus retaining the highly carcinogétraviolet rays and
subsequently increasing the global temperature edaar these gases are toxic and
carcinogenic for humans, inducing many illnessesluding lung cancer [EPAQ9].
Therefore a new requirement emerged, supportingelee for a substitute for fossil
fuel and the reduction of gaseous emissions. Afterratification of the Kyoto
convention which took place in January 2009, Geymaas committed to lower
overall emissions of a group of greenhouse gasedufling carbon dioxide,
methane (Ch), and nitrogen oxide) from 2008 to 2012 by 8%. idgvachieved a
reduction of 17% between 1990 and 2004, Germaow ige right track. However,
the EU assigned the objective of reducing by 21#&dmission of these gases by

2012, a goal yet to be reached [UNCCAO09].
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The so-called “green” technologies such as soidal br wind energy generation
available today on the market are not mature enoteghieplace the current
electricity factories [PMO06]. Therefore, in thiseths, we decided to approach the
problem in a different manner by managing the energ are creating rather than

changing the way we are generating that energy.

Towards a better management of our energy.

Since we currently cannot generate energy in anchasy, we have to learn how to
make the best usage of the energy we create, malnylyminimizing waste. Taking
a closer look at the way a power station functione, notice that generating
electricity creates a large amount of heat, thatasonly being lost, but requires

cooling (and therefore uses more energy) and @alltite environment [REOS)].

Cogeneration of Heat and Power (CHP) is a techiyoldgere excess heat released
during industrial processes or during centralizegttecity generation is captured
and transformed into a useful application, usuddynestic heating. CHP thus uses
the heat that would otherwise be wasted in a cdiovead power plant, potentially
reaching an efficiency of about 70% or greatettlier overall system as compared to
roughly 40% efficiency in a conventional plant. Thest recent goal of the German
government is to double CHP’s share of electrigéneration by up to 25 % by
2020. Biogas CHP capacity has grown from 180 MVZ0AO0 to over 1 GW in 2006,
reflecting a strong interest from the German mafkeA08]. By analyzing the
depredation of energy, it is noticeable that hsanaot transferable over a long
distance [SD04]. Therefore the CHP station is n&ffieient when it has a restricted
area to cover. With this strategy in mind, we md&wen the classical centralized
energy generation (with a big power station sumglya whole city or region
sometimes), to a distributed generation, where yedgstrict has its own power

7



generation (defined as “district heating”). Thisstgyn’s main advantage is the
ability to use the heat produced during electriggneration, without overlooking
the control of the amount of electricity produc@dpower station should predict the
demand of its network during electricity productiomhen using the centralized
generation, it is harder to estimate the demandtdubke size of the network. This
usually generates an excess of electricity, hedtpmtlution. Using smaller power

stations reduces the margin of error and increidmesfficiency of the production.

Decentralizing does not have to stop at a diskeitl. Decentralizing decentralized
systems can occur by having a small CHP for evernlding, adapted to one’s
needs. This transition will be revolutionary féretenergy market that was, until
now, controlled by monopolist electricity providglSFO8]. With every building
generating its own heat and electricity, the proidaés control can be optimized.
Contrary to most industrial CHP plants, micro-CHéherally meets the needs for
heat first, with electricity production as the sedary product. Micro-CHP is
therefore designed to replace domestic heatingesystwith the additional feature
of electricity production. A good definition of omb-CHP is the simultaneous
generation of heat, cooling, in other words eneagyl power in an individual
building, based on small conversion units below K\, [PMO6]. Electricity
produced in this way can be used within the houdeusiness, or (if permitted by
the grid management) sold back into the electriwgrogrid. Considering a micro-
CHP in every construction, all of which connectecdnhe national grid, a so-called
virtual power station can be reached. Virtual ia gense that it is not one concrete
factory, but a multitude of cells scattered over tity, exchanging the excess of

electricity produced and regulating each other [BMO

The relationship between the heat and electrigibgpction is given by the Heat to

Power Ratio (HPR), which describes the amount at generated for each unit of
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electricity producedin middle and larc-scale CHP, the core product is electris
and the power station is planned accordo the electricity demand. A mic-CHP
choice is based on the heat demand of the house|ehbtricity being considered
an advantageous bonun the same manner, every midc@»P engine has éHPR;
every householdcan derive its HP by representing the ratiof the heat over
electricity demand. The HPof buildingsis expected to decrease with tage of
buildings, or their renovation di; a better insulatiomequires less heat, while t

electricity demand remains rather const

Practical comparison of a condensing boiler and a micro-CHP

Using a Boiler
Centralized electricity plant

Fuel mix Efficiency Electricity
18.4GJ 45% 8.3GJ
©0

+ Local Condensing Boiler 0|

Gas Heat

50G) Efficiency 50 Gl

0,
68.4 G 100%

] ) Micro-CHP with HPR = 6
Using a Micro-CHP Electricity

8.3GJ
Gas Efficiency LX)
64.8G] 90% Heat @ |\
50 GJ

Figure 1: Comparison of the fuel requirement when using a boiler and a micro-
CHP

A condensing boiler uses natural gas for spacenater heating at an efficiency
over 100% (recovering the heat from water ). An example household with

100% efficiency boiler system and a heat deman80&J requires natural gas
9



input 1582m. If the household was using a micro-CHP systermoitild have co-
generated electricity at a level relative to theRHRssuming an average HPR of 6,
the micro-CHP would produce 50/6=8.3 GJ of elettyriddding the electricity and
heat produced, the micro-CHP therefore produce8GB.of energy. With an
assumed aggregate efficiency of 90%, this micro-Geluires 64.8GJ of natural
gas input. Therefore, in this example, the microPQidquires an additional amount
of 465 nt of natural gas, but produces 2300kWh (equivalést® GJ) of electricity
for domestic use or sale. A centralized power plaiith average efficiency of 45%,
would require for that electricity around 582° mf natural gas. Every CHP is

therefore allowing a saving of 117 mwf natural gas per year.

AIM AND SCOPE

In this thesis, we will be modeling many of the edp of the micro-CHP system in
regards to decision process, increase of the lgigioin of this model over time in a

representative German population.

The decision process of house owners with regardbdir heating system will be
modeled. The proportion of households using micHRGvill be modeled over time
in order to see if micro-CHP could become standadting systems instead of
boilers, by reaching a market share of 50% withiie thext 20 years. A
representation of the German population will bertdisted over residential lodging
based on the district of Lokstedt in Hamburg. Mdagtors, like the construction
type and its renovation date, can influence thesdwt regarding changing the
heating system. The focus of this thesis will benifiedds, mainly the social class,
the orientation towards change of the owner’ mihdsewell as the consideration of
the household size. The heat demand will be thg parameter reflecting the
construction type of the house, since, in this wtitat is evaluated in function of

the building type, the construction year, the redimns that it underwent, the
10



livable area, the number of inhabitants, to mentary the main parameters

determining heat demand.

The status quo situation will be modeled as wellot®er scenarios to see what
particular circumstances are needed to improvalififiesion of micro-CHP. Results
of the simulations showed that diffusion will ta#& years for the CHP to achieve
50% market share under the current parametersxpeceed heat demand reduction
through the insulation of houses will make it harfde the CHP to impose itself on
the market, while an increase of electricity priea facilitate its diffusion. In all
the scenarios simulated, the micro-CHP market shasenot reached 50% with 20

years, refuting the hypothesis of considering id @asandard heating system.

OVERVIEW

In order to understand the mechanism behind theusitiin of micro-CHP, this

chapter presents a brief overview of the procethkiag place.

At the start of each simulation, the market hasdanitialized: the prices of utilities
are set, the subsidy schemes are defined andwdkebaleclared to be equipped with
a condensing boiler. This is how we define the don which we run the
simulation. At the end of each year, house ownegsablle to decide whether they
would like to replace their actual system or ndthouse council meeting then takes
place in which every owner votes for what he be&gis the best option. Each
owner has his own perspective, expectation andsneedegard of replacing the
current unit. At the end of the vote, a decisiomaisen and an action regarding the
heating system is executed. Afterwards, the mastagtis will be updated and the

cycle will take place once again.

What is required is therefore to:
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5.

6.

Represent the market and its evolution.
Classify and represent the different owners.

Enable the owners to evaluate the different opteoms$ choose the one most

corresponding to their needs.

Choose an optimal voting protocol according to leouswnership

regulations.
Predict the outcome of the vote based on one ownev.

Monitor the evolution of the market and the deaisitaken.

In order to successfully reach the target, we wilmbine an economical model

representing the market, with a social model reprtasg the people and an agent-

based approach to model the decision network.

OUTLINE

Chapter 1 has discussed the motivation to writethlesis and its aim, as well as

introduced the CHP system. In chapter 2, an overwi¢ the project will be

displayed and the environment as well as the mapeeameters is described.

Chapter 3 will handle the agent model, the reprase@n of the individuals as well

as the way they take decisions. Chapter 4 will eéth the simulation and will

discuss the results obtained. The conclusion armd fthure applications and

improvements will be presented in Chapter 5.
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CHAPTER IT - THE ENVIRONMENT

A model is a reduction. It extracts only those edamm of a more complex reality
which are necessary to reveal the underlying matips [SH73]. Depending on the
objectives of the modeler and of the problem tedlged, some assumptions will be
made in order to convert the real world into thedeloBased on the categorization
of environment used by Russel [RS03], the taskrenment defined as in this

application is semi-dynamic, partially observalstechastic, episodic and discrete.

A semi-dynamic environment

The physical world is a highly dynamic environmefihe market is in a constant
change. Just by looking at the stock market, omese® that prices change every
minute. People can decide to change their heatstem at any time, and do not
have to do it synchronously in every area. Theremment of the model is however
semi-dynamic., it can be divided in two separayeig, the market and the agents,
components that communicate together. The outcomeaoh of those layers
influences the other, but they never change coently. The environment sets its
parameters regarding the cost of gas and elegiritie market share of each
product, the subsidies offered and so on. Oncenpeteas are set, the agents come
into play and start deliberating to decide whatdty based on the latest market
parameters. Once all agents have taken all thaiisides, they freeze and the
market updates its status. This is how the simadatwill be running, the
environment only changing after all the buyers htaken their decisions, and the
agents basing their decisions only on the curr@msion of the market, without
speculating or predicting how the market is goiogvary. The market has no

knowledge about how the agents function and vicsaeThe diffusion of the

13



technology will be tracked by following the charigghe market, which is triggered
by the decisions of the agents.

Figure 2: The evolution of the market and the agents

A partially observable environment

Also called inaccessible in some literatures, tigena cannot obtain complete,
accurate, and up-to-date information of the envirent's state. However some
assumption will be made to reduce the unknown fagithout biasing the model,
especially those parameters considered to havea ingact, or those not directly
related to the results monitored. An owner cankmotv how the market will evolve
because it doesn’t know the actions of the otheise@wners. The model considers
that the owners are aware of all the parametetiseofnarket in order to calculate the
costs of each technology, which in reality is natet This assumption will be
counterbalanced by assigning preferences to agertsder to differentiate them
from pure “homo-economicus” entities. Some paramsetige the price of gas and
electricity for example are global parameters, gosd by many external factors,
like the political situation in the Middle East. dlpolicy for subsidies might change

with the change of government, or might adapt &ftancial crisis.
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A stochastic environment

When modeling people’s decisions, it is not truatthvery agent’s action is a
reaction to the change in the environment. Suclkofacas personal preferences,
family background or simply daily mood will somegm affect the decision
[RAMO4]. Similarly, while considering the marketaution, one cannot predict that
the decisions of the agents will definitely leadstame increase or decrease in the
market share of a product. The model is therefava-deterministic. we will
consider that every action increases or decrehsgsrobability to reach other states,

with no certainty.

An episodic environment

The performance of some agents is dependent onlya arumber of discrete
episodes, not on the complete simulation. Every y&a new episode, where the
decisions of house owners are taken accordingédactiirent environment, not to
their previous decision. The previous episode waildct the environment, but we
can consider only the observation on the new enment, simplifying the problem
by separating the procedure to be executed eveny When it comes to the subsidy
implementers, as well as for the micro-CHP compmrileir decisions are the result
of a chain consisting of the complete history. Temevironment is therefore in
general non-episodic.

A discrete environment

There are an infinite number of actions and pescéptthe environment. People
might decide to change their residence or to usenknown product. People might
pass away and ownership of a house will changéhdrreal world, everything is

possible. In the model, we will reduce the contumienvironment to a discrete one,

specifying the actions states and percepts thatilWeake in consideration.
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MARKET PARAMETERS

The market parameters have to be defined, in doitehe agents to have a percept
of the world. The agents’ decision process will bedeled, based on the
environment in which they evolve. The market shafreach technology has to be
monitored to evaluate the diffusion of the microf&HCapital and operational costs

will be used to evaluate the possible decisiortsettaken by the agents.

The world will be resumed to the available marka. one side of the market stand
the supply, which consists of the two products,dbedensing boiler and the micro-
CHP. On the other side is the demand, which cansisthe houses inhabited by
their owners and having a particular heating systestalled. The market parameters
consist of the price of gas electricity and feedtbas well as the various types of

subsidies.

MARKET SHARE

The market share is the ratio of the availablesunitthe market over the number of
houses. This is the main monitor for the diffusioh the technology: Most
technology diffusion models focus on the fact ttied time path of usage usually
follows a S-shaped curve. Diffusion rates firser@gd then fall over time, leading to
a period of slow take up. Then a relatively rapabgtion follows and finally a
period of a slow approach to saturation termindtes cycle [GPOO]. In the
beginning of each simulation, the market share ofranCHP is set to zero:
condensing boilers own the complete marketpfis= 1). In a market where the
number of houses is invariant like the one simdlatee number of units sold is
proportional to the market share if the product was-existent on the market
before the start. The number of units sold denti@s many units have been
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converted since the beginning of observation/sitraaperiod. It is the output of

the decisions of the agents that is used to ugbatmarket share.

CAPITAL COSTS

Capital costs are one-time setup cost of a propfter which there will only be
recurring operational or running costs [BD09].rtludes the purchasing cost (the
price of the product), its installation and the mwal subsidy provided upon
purchasing. We will consider the purchasing andalfegion cost as one parameter
that we will call price. The price of a product Wiary with time according to its
presence in the market. For calculation purpo$esnticro-CHP will be assumed to
own 1 percent of the market. Therefore the injiate will be the product of the
cumulated output X(t) of the product by a constante0. Price0 will be chosen so
that the price of boiler with a market share of 9@¥#d the price of micro-CHP with
a market share of 1%) will be equal to its inifmice. Because different products
have different effects on customer, a constant aalptalled measure of
responsiveness will be used to weight the cumulatgput [PMO06]. The subsidy of
purchase still has to be included as a part ofscagting the following formula for
capital costs:

Number installed

Ms =
= Number of houses

Capital Cost = Price0 * X+ PurchaseSubsidy

Subsidy of purchaselrhe subsidy of purchase is the subvention pralide the

state to a consumer in order to reduce the caqitstls, stimulate the economy and

encourage the consumers to buy a new product. dnsiimulation, there is no
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subsidy for the condensing boiler, while 2 diffdreptions have been studied for the
micro-CHP:

» Zero subsidy: Used as a reference scenario, suergion is that there is no

encouragement from the state towards any techyolog

» Constant subsidy: A fixed subsidy is offered fockeauccessful acquirement
of a micro-CHP. The available budget can be sethabthe subsidies will

stop once the budget has been used up.

USAGE COSTS

There are different ways to make money and redpeeational costs using a CHP.
The subsidy of production “Sp” rewards the CHP owsrfer each kWh (kilowatt-
hour) produced. Part of the electricity producedssd, and the rest “r”, will be sold
back onto the grid at the feedback price. In addito Sp, the state may promote the
sale by offering an additional subsidy on every k¥déid, called the subsidy of

feedback “Sf”. Both subsidies are only fixed valukemited by the available budget.

The usage costs (also called running costs) areldlgeto day cost incurred while
operating the product [BD09]. They are usually wledi over a certain period of time
called Horizon. In this model, only the annual @fenal costs are required because

the calculation over the horizon will be done by Hygents.
The generated costs are:

» The cost of gas: The gas used for both heatingi"“@nd producing
electricity - "Ge”, multiplied by the price of gas “Pg”.

* The savings made thanks to the electricity produd&tden comparing a

CHP station to a boiler, we have to include the eyotihat we would have
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spent on electricity if we had not produced it elwss. (1-r) is the share of
electricity produced that is used and that shoalkhbeen bought at a price

Pe when using a boiler.

» The profit made from the electricity sold: The ess®f electricity produced
by the CHP (unused by the home) is sold on the gtid feedback tarifffP
In addition to the money generated by the sale, dfta@e can offer as

mentioned earlier, subventions to promote eletyrigeéneration at home.

* The maintenance costs that include spare partmyiolg of the engine, oiling
and other operations.

The annual operational costs can therefore be sggde using the following
formula: Uc = Pg(Gth + Ge) — Pe x E(1 —r) + rE(Pf + Sf)) + SE + Cm Where Pg is the
price of gas, Gth is the quantity of gas used featimg, Ge is the quantity of gas
used for electricity production, Pe is the priceetdctricity E is the quantity of
electricity produced, r is the quantity of eledtsicsold to the grid, Pf is the price of
feedback electricity, Sf is the Subsidy for feedb&p is the subsidy for production

of electricity and Cm are the maintenance costs.
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CHAPTER III - THE AGENT MODEL

The heart of the model revolves around the actiements, i.e. the people deciding
and acting. The market around them is reactiveesinevolves over time following
certain rules, without taking any internal decisiowhen a new micro-CHP appears
on the market, the market share and the visibiitybe increased. However when it
comes to handle people, we need the additionalbdégeof making independent
decisions [MCO05]. This is a capital difference beéw objects and agents, and we

will therefore introduce agent based modeling (ABMur simulation.

An agent is an identifiable discrete individual lwé set of characteristics and rules
governing his behavior and decision making abgitiEhank to his discreteness, the
agent boundaries are clear and one can easilyatitiate between what is part of
the agent, what is not, and what is a shared cteistcc among agents. The agent
lives in an environment with which he interacts hwither agents. Agents have
protocols for interaction with other agents, sushtlae voting protocol, and the
capability of responding to changes in their enuinent [MCO5]. This clearly fits
the description of house owners, who interact wWth remaining owners in the
buildings and react to the change in their micrek®@mment (the status of the
heating system) as well as changes in the macrvesment ( variation of subsidies
or gas price).

DIFFERENT AGENT TYPES

Agent types range from the simple reflex agentthéolearning agent, as described
in figure 3 [RSO3].
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Figure 3: Different types of agents

Simple reflex agents act solely upon the inputy tieeeive from their sensors. They
can be summarized in a table of condition-actidas;ua sophisticated way to call a
list of “if” statements. In addition, model-basesflex agents take into account the

state of the environment and how it evolves.

However, agents’ structure can be more complexprdong to which they have a
broader sight, looking to reach a goal or do thestmgseful action. Goal-based
agents combine their percepts with the actual stasee what could be the possible
outcomes of each of their actions. They can beidered as qualitative analyzing
agents since they decided for the action that hdld to a world in which they
achieve their goals. On the other hand, utilitydobagents are quantitative analyzing
agents since they evaluate how happy they will itle @very action they undertake.
While modeling, it is very useful to use utility s®d agents when having numerical
values because the various costs and profits canseed as utility. Utility-based

agents are also very dynamic and fit well in a gvag environment.
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Another important notion in ABM is the goal-orietiten where agents take
decisions in order to achieve their goals. Theedgtiation in goals will make
agents behave differently in the same environntauibsequently, their perception of
events differs also according to their goals. Baneple, a person who cares much
about his or her comfort will be more affected bgam functioning heating system
than someone who would prefer to spare money apbbiekis system till the end

of its lifetime.

ADVANTAGES OF AGENT BASED MODELING

Agent based modeling (ABM) is useful for analyzitige choice of people for
several reasons (based on [MCO05]):

» First, ABM provides the appropriate modeling appfodo understand the
aggregate consequences of agents interacting olpagis of heterogeneous
preferences. Because the dynamics of purchase argngent on the
decisions of multiple heterogeneous agents, wihiemselves are contingent
on each other, finding equation-based solutionheodiffusion problems is

difficult, if not impossible.

» Second, it allows for time-series data analysisissne faced during the data
collection is that empirical data relevant to hoosser’s choice criteria are
difficult to obtain, especially in order to be redmt enough to reflect the
diffusion of a technology. It is practically immikle to ask people what
they thought the year before, while taking a paltéic decision, not to

mention over a longer timeframe.

» Third, an agent-based approach allows for expetiatiom and exploration

of historical and spatial contingencies. With engair data, it can be difficult
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to model what would have happened if other conaétiapplied at certain

point in time.

For these reasons, the agent representation hasbhegen to model the population.
The utility-based model is the most correspondmthe requirement of the project,
because it allows incorporating the preferenceshef user and the cost of the

heating system in the decision process.

USING MARKOV DECISION PROCESSES AND DECISION TREES

The Markov Decision Process (MDP) is a mathematiGahework for modeling
decision-making in situations where outcomes arlypeandom and partly under
the control of a decision maker [GBO1]. It is acdéte time stochastic process, in
which the process (or the agent in this case) fitsddf in a state S at every point of
time. The decision maker may choose any action ithatvailable in this S. The
process will then reply by moving to a new statead give the decision maker a

corresponding rewarBR,(S,S), to another by taking decisions. The probabilitgtth
the process chooses S’ as its new state dependiseotaken action and can be

represented by the state transition funciy{S,S). The MDP model contains:

* A set of possible world states S

* A set of possible actions A

* A real valued reward function R(s,a)

* A description T of each action’s effects in eatdte [GBO1].

The sequence of states and actions is best repeds@ana decision tree that will be
used to determine the optimal action.
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The decision of the agents will be evaluated usinylarkov Decision Process
model. They may have a boiler installed or a miCiéP installed. The installed
product may be working or not. The set of statesherefore defined as S=
{(working Boiler), (workingCHP), (not workind3oiler), (not workingCHP)}. Each
agent has the choice between 3 actions, eithexdp the old system or to install one
of the two competitors. The set of actions is tfeeee A= {(do nothing), (new
boiler), (new CHP)}.

The process evaluated by each agent will be repies$dy a decision tree as the
one displayed in figure 4. Each action will leadtdy two of the 4 states: Installing
a new boiler can only lead to a working boiler avarking boiler. It is impossible
that the action “install a micro-CHP” results iretktate “working boiler” after, and

therefore the two other states will be pruned.

Working
Boiler
|

Do Nothing New Boiler New CHP
Working Not Working
Boiler Boiler

Figure 4: Decision tree with actions and states

. I = 1
Norkir
Working Boiler | Not Working Not \C\‘;—;O;an

Boiler CHP

Waorking |

Once a new state is reached, a new decision tredeappended to the previous
one. The same decision tree derives from eacheoBtbther states. To be able to
evaluate each of the leaves, the agent will need<mn a cost to each of the actions

and a reward to each of the reached states.
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Action cost

One cannot win the lottery without buying a tick&tstudent will surely be happier
if he owns a Ferrari rather than Golf, but thisgiapss comes at a cost which would
prevent the student to own a Ferrari or would middeepurchase of a smaller car
more valuable for him.

We need therefore to define the reward of eacle statl the cost of each action as
shown in figure 5. The cost of the action “buy EHFC or “buy a boiler” is the
capital cost of this investment, in other words theney spent upon purchasing.

Doing nothing is therefore an action with no cost.

After each year, the best way to differentiate eetvthe installed products is based
on the usage costs generated during the year. foherge will use negative reward
on each state, preferring to take the action wigeherates less overall costs. The
reward of having a non-functional heating systerl & discussed in the next

section, but it will temporally be set to 10000® able to calculate the reward of

each action.
Working
Eoger‘ Year
|
Da Nothing | New Boiler New CHP
C=0 C=2500 C=£500

Not Working |
Boiler
R=10000

Waorking Not Werking
Boiler Boiler

Waorking
R=4140 ‘ R=10000

CHP
R= 3740

Not Working
CHP
R=10000

Working Boiler
R=4140

Figure 5: Decision Tree with rewards and costs.

Now considering an action is taken, there is nemeiistic way to predict the state
reached, whether the heating system will be workiegt year. A probabilistic

model is required.
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DECISION MAKING UNDER UNCERTAINTY

Agentsdo not know whether the heating system they havesitly will not get
broken before the next house council meeting. obabilistic model has to be us
to represent the possible states reached andlitkexiess.Both the boiler and th
micro-CHP will be considered equivalent in term of dulibi The expectation i
that for a technological life time of 15 years, t@kability of failure is very lon
during the first 10 years, thethis probability starténcreasing gradually over the I
5 years. Most heating system, when well maintaiveitl, function beyond thei

technological life time. The probability of failuover age isrepresented in figure.

Failure (%)
50
45
40

35
30
25
20
15
10

T 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Age(years)

Figure 6: Probability of failure of a heating system with respect to its age
Prob(S) epresents the distributicP(s’|s, & probability to be in stats’ knowing

that theprevious state weS and actiora was executed [GBO1].
For each state and action specify a probability distribution over next sta

T: SX A — Prob(S)
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Agents have to choose between three different resstinamely to do nothing, to
install a new CHP or to install a new boiler. Howevthey need to be able to
compare the outcome of each of the decisions irrora decide. Therefore we
introduce the notion of expected reward, which =t of the reward of a state
over the probability of reaching this state. Caoummtly, the expected reward of an
action is the sum of the reward of the aforemeitbproduct.

ERIA]= ) R(SD)/p(SilA)
i=1.n
Where ER[A] is the expected reward of an actior§)Rre the rewards obtained by
reaching state ;Sand p(§A) is the probability of reaching state Bowing that
action A was executed.

By combining the states and actions defined, arsigasg the probabilities of
failure of the engines as well as the costs of eation and reward of each state, a

generic decision tree for all agents is createshasvn in figure 7.

Working ™
Boiler Year

| E(R)= 2500 + (0.99%4140+0.01 100007 E(R)= 6500+ (0.99*3740+0.01*10000)

Do Nothing E(R)= 0.8+4140+0.2+10000 New Boiler |- 5998:5 108028
20 = 5312 C=2500

New CHP
0.8 0.2 0.99 0.01 0.99 0.01

C=6£500

Not Working
Boiler
R=10000

Not Working
CHP
R=10000

Werking Boiler
R=4140

Boiler Boiler CHP
R=4140 |__R=10000 | R= 3740

Working ‘ Not Working Warking

Figure 7: Decision tree with expected rewards

The difference between the agents is how they degach of the actions, according
to their preferences. In the next section, the iggres representing the population
will be defined and individualized decision treedl ine modeled.
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ENERGY INVESTMENT DECISIONS.

In various classic engineering-economic studiefiag been proven that potential
investments in energy efficiency, which rationatippear to be cost-effective,
remain unexploited [IWGO0O]. In order to understamdy the observed investment
behavior of building owners differ from estimatedesarios, researchers have
developed different frameworks. The three majorsoaee neoclassical economics,

behavioral economics and institutional economi&O(E.

The neoclassical economics will be the frameworkhdf thesis. It is characterized
by imperfect information, asymmetrical informatidnigden cost and heterogeneity

of actors. The actors are individuals consideredhtasnal and utility maximizing.

Imperfect information

When considering changing the heating system, imgildwners have to choose
between a large variety of complex products offebgda wide range of firms.
Choosing among different energy supply technologéesa decision task that
investors take rather rarely, and most technologjynave undergone major changes
since the previous purchase. They face a diffitakk when evaluating the
performance of those technologies because of tuemnplexity, a lack of detailed
energy consumption data and feedback on currefdrpgnce [HM98]. In contrast,
buying energy as an end product (whether heat ewtrédity) is a much simpler
decision to take, as the product is supplied fromaamageable number of large, well
established and normally trusted firms. Viewing thechase of energy efficiency
and energy supply as different means to deliverggngervices, people tend to over-

consume energy supply and under consume energieeffy [HM98].
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Asymmetrical information

A well known example of asymmetrical informatiortt® split incentives problems
between landlords and tenants. Landlords mighbeawilling to change the heating
system to reduce long term costs because they wmlde able to recapitalize their
investments by increasing the rent. The same \aipen when the owner believes
that potential future tenants are not able to véheeenergy efficiency standards of
an apartment in comparison to the additional remtién. This can lead to situations
where an investment is not made because of thalactuperceived inability of

future tenants to value this investment approgsiate

Heterogeneity

Building owners may have a range of independentsgehen making investment
decisions. These goals might include minimization emvironmental impact.
Decision makers might evaluate and adjust for iglesrand inflexibilities associated
with investments differently. These risks includechnical risks (reliability,
technical performance) and external risks (econam@nds, energy prices, policy
change). Low income household might face severgdtudonstraint and are not

able to access the necessary capital [SS00].

In addition to these buyers’goals, many real wgndblems involve a high degree
of uncertainty, so that optimal solutions are umio People “act by habit,

imitation of others and trust in institutions, agputation or a good name” [GGO06]
instead of reasoning and objectively calculatingities. From the behavioral

perspective, heuristic and decision rules are reeéaeope with the complexity of
the outside world.

Moreover, experiments have shown that people prtefestay with the status quo
instead of changing [SW88].
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Categorizing the population

Reporting to the decision tree in figure 7, theee Ziparameters missing.

The first parameter is the preference of the agerdo a particular action. The
monetary utility of an action is influenced by theals of the agent. Some agents do
not like change, but rather prefer to keep theustguo, even if it is a little more
expensive. Others are curious to try new things kel to use state-of-the-art
technologies. These goals will be represented asptbbability to do a certain

action.

The second parameter is the utility of the statet ¥morking CHP” or “not working
Boiler”. This value depends on a secondary goahelg on how much people care

about their comfort and safety.

The third parameter is the user horizon. After pear, the agents will reach a state
that will require taking a new action, and this Icblast forever. Once again, each
type of agents has a different horizon which ismyabased on the available budget

and the age of the agent.

The demand side of the micro-CHP market includegapr households, housing
associations as well as non-residential buildinigs d¢ffices. The offices will not be
considered in this paper, because their dynamick raativation in purchasing
micro-CHP are different. According to the federasaciation of German building
companies (GdW), housing corporations (“Wohnungegsenschaften”) own about
25% of all residential dwellings in Germany. These an position to quickly
articulate demand through procurement of large rermf a new technology,
which can be applied in large housing complexeveNbeless, their core business
not being technology, they usually prefer to inviestlready proven technologies,

sparing themselves the hassle of risking on a newlyet. They are sensitive to
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short-term price changes and prefer to keep anmeutiaintenance. In other words,
they do not like the risk factor brought along watt innovation, despite the possible
gains. They could be considered as an individuttyeimowever for this simulation,

the housing corporation dwellings will be considkte be owned by individuals.

According to Sinus Milieus, a research made by SiSociovision GmbH, the
German consumers can be classified in 9 targetpgraialled social milieus.
Sociovision is a research institute based in Hbelgl, studying the socio-cultural
change, the constitution of society as well as dbeelation between the “Sinus
Researches” and the market, trends and target gringlividuals in the same social
milieu share the same preferences, basically argptted their financial wellness
and their values [SV09].

The description of each target group has been edapt the requirement of the
thesis, in order to define the horizon accordingmuch the people evaluate the
benefits of a purchase. Their position with resgecthe factor of change will be
used to define the preference of each action (dioimgpy buy CHP, buy Boiler) they
may take. The preferences of an agent, like prdibabj sum up to 1. The
importance of comfort will define the reward of tsiates “Not Working CHP” and
“Not Working Boiler”.
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Figure 8: Classification of the German population according to their orientation
and social class.

Conservatives (5%)With a majority older than 60 years, the conseévest are

rather wealthy and consist of a majority of reticiples living alone in their flat.
They prefer therefore to stick to the system that/tare using, therefore they prefer
to do nothing if the current system is working (Bfe5). If they have to change the
system, they have a slight preference to a sygtegnknow and would rather install
a new boiler (Pref=0.3) than a micro-CHP (Pref=0A&ylditionally, it has been
shown through simulations that small householdslese attracted to using CHP.

Mainly because of their age, they look for shomtrit@rofitability (Horizon=5 years).

Established (10%)Their age ranges between 40 and 60 years. Veryoctahle

financially, they have a good monetary understagdiineir finances allow them to

give importance to their comfort and make longemténvestments (Horizon= 15
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years). Their rationality in analyzing investmemiskes their preference for the
three actions very similar. They have a preferdoeerd innovation because they
give a particular importance to their style andesgpnce in society, and therefore
would be inclined to buy a micro-CHP (Pref=0.4)

Post Materialists (10%)Post materialists are mainly families with kid$ieTage

spans extends from 30 to 70 years. They have alhidiget (Horizon = 15 years)
and give importance to comfort and safety. Theydymamic and open to change,

hence a preference for a new technology (Pref 0.4

Modern Performers (10%)They are young, they are wealthy and they want to

improve their lifestyle. A majority below 30, thégnd to prefer newer technology

(Pref = 0.4) and can afford it (Horizon = 15 years)

Experimentalists (9%)As young as the modern performers, the experirststa

have a more restricted budget (Horizon = 5 ye&shsisting mainly of high school
and university students, they support change amgiaegmment friendly technologies
as long as their budget allows them to do so. Hémeg have a bigger preference
for micro-CHP (Pref = 0.4)

Civic Middle (15%): They represent the mainstream. Average on alltgroiey

have no preference whatsoever. They would choasentbst profitable option (all

Pref = 0.33). An important remark is that they catet about their comfort.

Rooted in Traditions (14%Yver 65 years old, the traditionalists like it thay it

has been till now, and do not see a need to chdigs. prefer to keep it the way it
is, and not risk their money on something new amgpfoven”. They also tend to
calculate short term investments.
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DDR Nostalgic (4%)Regarding their decision concerning the heatirgjesy, they

can be considered as “rooted in traditions”.

Consumer materialist (12%Y.he fruits of the consumer society like to buy rove

their budget, to show that they can follow the tkefihey do not base their decisions
on the prices, but rather on the behavior of ogfeaple. Their slogan is “if they can

buy it, then I can”.

Hedonists (11%)The “followers of pleasure and lust” have no mobt@gpend on

installing a new system. They prefer to keep theetit one and spend their money
on something else. They do not like to invest, preder to use their money to enjoy

the moment.

Based on the previous description, the followingda have been derived, according
to which state the people find themselves in. olisists on the preference of every
type of consumer to take a particular action (dthimg, buy a new CHP or buy a
new boiler), the time horizon on which they compidue different options, and their
risk aversion, based on the factor comfort. Soméefvalues of preferences and
horizons have been given through the descriptitve. domplete list is to be found in
table 1.

When considering a non-working system, the preferesf an agent to do nothing is
almost inexistent. The consumers having the sarhevi@ can now be grouped
into one class of agents. The comfort parametdrbeilconverted into a numerical
value, the negative utility of having a non workitevice. 15000 will be selected for
comfort-seeking agents, while 10000 will be choganthe others. We now have

determined 5 classes of agents, representing {h@gimn concerned.
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Pref (Action|Working )
Action=Nothing Action=Boiler

consumer class Action=CHP Horizon Seek Comfort

Conservative 5 0.5 0.3 0.2 5 No
Established 10 0.3 0.3 0.4 15 Yes
post materialistic 10 0.3 0.3 0.4 15 Yes
modern performers 10 0.3 0.3 0.4 15 Yes
Experimentalists 9 0.3 0.3 0.4 5 No
Civic Middle 15 0.33 0.33 0.33 15 No
Rooted in traditions 14 0.5 0.3 0.2 5 No
DDR nostalgic 4 0.5 0.3 0.2 5 No
Consumer materialist 12 Do notlook at the utility, but rather on the distribution in the market.
Hedonists 11 0.5 0.3 0.2 5 No
Table 1: Characteristics of consumer classes when their heating system is
working.

Pref (Action| NOT Working)
Action=Nothing Action=CHP

consumer class % Action=Boiler Horizon Seek Comfort

Conservative 5 0.01 0.54 0.45 5 No
Established 10 0.01 04 0.59 15 Yes
post materialistic 10 0.01 04 0.59 15 Yes
modern performers 10 0.01 0.4 0.59 15 Yes
Experimentalists 9 0.01 0.4 0.59 5 No
Civic Middle 15 0.01 0.475 0.475 15 No
Rooted in traditions 14 0.01 0.54 0.45 5 No
GDR nostalgic 4 0.01 0.54 0.45 5 No
Consumer materialist 12 Do not look at the utility, but rather on the distribution in the market.
Hedonists 11 0.01 0.5 04 5 No
Table 2: Characteristics of consumer classes when their heating system is not
working.

Pref (Action|Working) / Pref (Action| NOT Working)
Action=Nothing Action=Boiler Action=CHP

agent type Horizon R(not working)

Conservatives 34 0.5/0.01 0.3/0.54 0.2/0.45 5 10000
Innovators 30 0.3/0.01 0.3/0.4 0.4/0.59 15 15000
Experimentalists 9 0.3/0.01 0.3/0.4 0.4/0.59 5 10000
Civic Middle 15 0.33/0.01 0.33/0.475 0.33/0.475 15 10000
Materialist 12 Do not look at the utility, but rather on the distribution in the market.

Table 3: Description of the agents and their characteristics in every situation
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The utility of an action is the ratio of its utilibver the preference of the agent. We

used the ratio to cope with the negative rewardggtem used. We can now

represent the decision trees of 2 agents, an empetalist and a conservative,

having a 12 years old working boiler over one yaarfollows. While they both

prefer to do nothing, leaving the CHP as a thirtioop we clearly notice the gap

between the utilities in the conservative ageng,sichile it is less perceptible in the

experimentalist decision tree. Running the decisiea over more years might lead

the experimentalist to reduce the gap and choosmiao CHP, while the

conservative will still be choosing to do nothing.
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Figure 9: Utility of the action of an experimentalist agent having a working 12-

years-old boiler
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Identifying the optimal policy

A policy © is a mapping from state S to action A. In ordefiottow a policy, one has
to determine the current state s, execute therae{g), determine the achieved state
and repeat the same procedure once again [GVOll]observability is assumed,
meaning that the new state resulting from execudimgction will be known to the
agent. An objective function maps infinite sequencé rewards to single real
numbers (representing utility). The objective fuoicthas a finite horizon defined
for each type of agent and will be discounted dlieryears. The discount is used to
prefer early investment taking depreciation of lleating system into account. The
reward being actually the variable costs in thisdelp it is logical that the
discounting function increases the numerical vatithe reward. A value function
Vn:S — R is used to represents the expected objective valht@ined following

policy from each state in S .

UA( action, t, type, state, age) {
if (action == "nothing")
{ A =p[age_HS] * US(type, t+1, state="working", age+1);
B = (1-p[age_HS]) * US(type, t+1, state="broken", age+1);

return A+B;
}
else
{ A= C[action];
B= p[1] * US(action, t+1, state="working",1);
B = (1-p[1]) * US(action, t+1, state="broken",1);
}

US ( system, t, state, age ){
if (t==horizon)

if (state == "broken") return U[broken];

else return U[system];// this is the stopping condition of the recursion.

A = U[system];
B = UA ("nothing", t, system,state,age_HS)/prefNothing;
C = UA ("CHP", t, system,state,age_HS)/prefCHP;
D = UA ("Boiler", t, system,state,age_HS)/prefBoiler;
return A+B+C+D;
}

Fi

11: Finite-horizon Bellman Equations in pseudo code
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V m,0(s) = R(s, T(S))
Vmn(s) =R(s a)+ Ygres T(s a §) YDV mn— 1(S)

Figure 12: Finite-horizon Bellman Equations

Combining the agents’ decisions.

Knowing each agent’s decision is not enough to rdetee the next state. The
heating system being a common facility, decisiomsthis regard will be taken
commonly by the house owners’ council. Assuming émvironment to be semi-
dynamic, the council will be considered to happemeoevery time period i.e.

annually.

The council participants will vote to determine thetion to execute. It will be
assumed that all the owners participate and givalid vote. Usually, a house is
divided in units according to its habitable arehed3e units are then distributed over
the house owners according to the area that they dhat way, votes are weighted
and owners of larger flats have slightly more iafiae than the others. In this
model, the house will be considered to be equalliddd among owners and the
votes will not be voted.

In a normal owner council meeting, a decision loaghitain a relative majority to be
valid. Each person votes for one “candidate”. Wiies relative majority is not

reached, discussions take place until some persbasge their mind and an
agreement is reached. Modeling the communicatiotwden agents has been
handled in a different way in the model. Due to thet that each agent has
calculated the utility of all possible actionsisitable to rank them. The agents’ vote

will consist of an ordered list of the actions
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The voting protocol needed at that point should thkeordered list in consideratis
as a voting ballot and satisfy the plurality ciid@r Nanson method, a variant of 1

Borda count combined with an instant runoff progeduill be use [AEQ9].

w A<B<C / B<A<C

A=1+2+2+1=6

=2+3+1+3 =
C=3+1+3+2=9

C<A<B

A<C<B

Figure 13: An example of the Borda Count Method.

The Borda Count Method works as follow: the actioth the lowest priority will be
given one point; the second lowest will be given points, and so oiSumming the

point achieved by each action will determthe Borda Count winner [MRO¢

The advantage of the Borda Count Method is thatilitalways lead to a singl
winner; however the winner may not be the candidatie the majority of first vote
[MRO08]. To overcome this deficiency, Nanson prombse elininate the candidal
with the maximum points, and then to do the Bordaur@ with the remainin
candidates, disregarding the one eliminalf the number of ballots ranking A
the first preference is greater than the numbdratibts on which another ndidate
B is given any preference, then A's probabilitywafining must be no less than |
[AE09].
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Having defined how each agent makes up its decmsimhhow the resulting action
of the house will be combined from their decisidghe model design is now

complete and can be implemented.
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CHAPTER IV - SIMULATION

The simulation will now be run to acquire an untmrding on the evolution of the
market in different situations. We will thereforktpdifferent scenarios to point out
the parameters that influence the diffusion. Th&t by to achieve this is simulate

first a reference scenario, change one parametetie and monitor the response.

LSD - THE SIMULATION TOOL

LSD is a simulation program written by Marco Vakeniwho is a professor of
economics in University of L’Aquila in Italy. Theebuty of LSD is its simplicity
without losing functionality. LSD is aimed at noaroputer scientists (mainly
economics) needing a tool that is easy to use aqdires very little programming
background. The time parameter is automatically efext] for and incremented in
each function. The code in LSD is based on C++;espracros have been created to
satisfy the basic requirements of economists inogyrcing functions and following
their evolution over time. A pair of delimiters (MdELBEGIN and MODELEND)
defines the area where the user can write theiateaps using the predefined
macros, without excluding the possibility of wriginraditional C++ functions and
using them in the model. As a result, the utilifytioe software is there through

maximized.

An object directed language

LSD uses objects that can be ordered in a treetstallike any regular object

oriented program. However, there is no inheritdme®veen them. The tree structure
is only a logical support, to facilitate the accdsesvariables and give some
organization to the simulation that is running. Tigeire 14 shows the structure of

the simulation discussed in this paper. While tloelecis written in LSD as
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independent functions, the relation between oliectefined in Laboratory Model
Manager (LMM) graphically using the tree, where #pecific model is described.
The objects are put together and the initial valaes defined. The creation of
multiple instances of an object is also done in LMBhce the simulation is run, it
offers multiple options to output the results, udihg a runtime plot to follow the

calculations step by step, a report option and exypthe results to text or LaTeX

files [VMO1] .

Market

2653417,

Figure 14: The LMM model

THE REFERENCE SCENARIO

The reference scenario is used to compare the offterns. It uses very realistic
data, but is in no way the exact value. Takinggthee of electricity for example, it
differs from a provider to another according toith@arketing strategy. High
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consumers obtain a price pro kWh more advantagtwurslow consumers. Multi-
utilities providers offer package in which the eocones made in one product is
compensated by another product.

The reference will be based on the following values

Price of gas

The price of gas is based on eon Hanse tariff ‘®edGas” (September 2009). It is
composed of a yearly fee of 85,68EUR and pricesaige 8,56c/kWh for less than
2500kWh, or a yearly fee of 28,56 EUR and 6.31%tikfor a usage ranging
between 2500 and 5000kWh. This shows again thafptloe of gas cannot be
uniformed in a region. In addition to that, if ausehold consumes gas for 4500kWh
without producing electricity, replacing its boilbyy a micro-CHP will allow the
purchase of a cheaper gas. For modeling purpdsexverall price of gas will be
considered to be 8,75c/kWh including base price.

Price of electricity:

Electricity is more expensive than gas. Vattenfdle main electricity provider in
Hamburg, proposes a tariff called “Basis Privatsttrgelling the kWh at a price of
19,04 ct, with a fee of 72 EUR p.a (September 200%e assumption is that
producing its own electricity will no allow the h&ehold to avoid paying the yearly
fee. Electricity prices vary al. Therefore the refece price of electricity is set to
19,04 ct/kWh.

Price of feedback

The feedback price is of 11.67ct/kWh for a produttdf less than 150 kwh, which
is less than the maximum produced in the studiesé® [RUOS].
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Subsidy of production
A CHP bonus of 3 ct/kWh is added to the price adigack when produced by a
CHP of less than 50kW capacity. In addition t@isubsidy of 1-2 ct/kWh is granted

according to the technology used for combustiore fidference subsidy will be set
to 4ct/kwh [RUO8].

Subsidy of Purchase

The prices for subsidies depend on the size oiftiseo-CHP bought, which depend
on the heat demand of the house. For a producfidess than 4kW, a subsidy of
1550 EUR per kW is provided. The subsidy will neleless set to 1550 EUR
taking assuming that a majority of the bought miCieP producing a power of 1
kW of electricity [RUOS8].

Price of purchase

Like any other product on the market, there ardéediht prices for boilers and
micro-CHP on the market. An average price for ademsing boiler is of 2500 EUR
while the WhisperGen micro-CHP’s cost are arounddO6ZFEUR including
installation (http://www.whispergen.com). WhisperG®as been chosen because of

its power characteristic, regarding the 1kW elettyi

Houses heat demand and number of owners:

The houses heat demand has been evaluated fronavéiable buildings in
Lockstedt. They consist of a total of 171 consiong, each having a different
estimated heat demand and number of inhabitants.iflabitants have all been
considered as decision makers, however with difteggrofiles as discussed in
Chapter III.
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The distribution of people

There are 2071 individuals living in the area cedeiThey have all been considered
as owners with an active participation to the denigprocess. They have been

distributed in agent groups according to the rsiiown in table 3.

To recapitulate, the parameters set for the referestenario are: price of gas:
8,75ct/kWh; price of electricity: 19,04ct/kWh; peicof feedback: 11.67 ct/kWh;
subsidy of production: 4ct/kWh; subsidy of purchasg50 EUR; price of purchase
of CHP: 6500 EUR; price of purchase of boiler: 260®R; number of houses: 171
house; number of owners: 2071 individual.

RESULTS AND ANALYSIS

This chapter will describe the result of the difier scenarios that have been
assumed. The monitored parameters are the markeesslof both technologies
analyzed. The reference scenario will first be amal in the following simulation,
the impact of the heat demand, the prices of gdsbattricity and the subsidies will
be studied by comparing the market shares variatiar time with respect to the
reference scenario.

Reference scenario

The results of the reference scenario show thatewurtie aforementioned
circumstances, it would take 34 year for the CHPRolbtain 50% of the market
(figure 15). The diffusion is represented by anh8pe function, as expected. The
symmetry observed results from the availabilityoafy 2 options: Houses have to
be equipped with either a boiler or a micro-CHPe Timarket share lost by either of
the technologies will be recuperated by the otfibe market share of micro-CHP
increase in the first 40 years, coming to a deagtar of the diffusion once half of
the market is taken. The equilibrium state arou@&o5s due to the relative slow
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gain of market. Howev, 34 years is much too long of a period and the ést

would lie in improving the time for the mic-CHP to reach half of the mark

100%
90% \

s \ SN

\ I

60% \ /

50% x: Boiler
40%

o / \ CHP

20% / - Y o
10%
0% - m

Figure 15: Reference scenario

Large versus low heat demand

The expectation over the upcoming years is for libédings to become mol
sustainable. A better isolation and a more er-efficient construction woul
reduce the heat demand of houses. While the reégulest already enforced for ne
construction,it is gradually encompassing the existing consionst BM09]. The
next trial would be to level all heat demands tedbues, ranging from very lo
(34000kWh) to very high (42000kwWh) in order to ska lower demand will b
beneficial for the diffusiorof CHP. The difference in diffusion speed betweeas
upper 3 classes is not very large. However low\anrg low demand houses (belc
75000 kWh annually) do not have much interest staling a micr-CHP, mainly
because their electricity production iot being large enough to cover the ot
costs.
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Figure 16: Houses with different heat demand

The electricity and gas price variation.

The electricity and gas prices have been assumeshtain constant over the yee
The assumption set is that the e of gas and electricity will not exceed the dot
of their current values. By doubling the price atlke of the commodity, an upg
bound will be defined in which the expected difarswill take place. The feedba
price is assumed to behave the santhe electricity price, therefore it will k
doubled as well. A very interesting conclusiontiavar if the price of gasraises

without achange in the electriciicost, the diffusion of micr&HF will stop.
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Figure 17: Reference scenario Vs doubled price of gas
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Figure 18: Reference scenario Vs doubled price of electricity
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Figure 19: Reference scenario Vs doubled prices of gas and electricity

An increase in the price of electricity will imprevhe diffusion, independently
the price of gas. It turi out that the price of electricity can cope with these of the
price of gas. However if the gap becomes too big,market will stabilize anthere
would be no more evolution of mic-CHP. Therefore, a good strategy for
government would be to ra the electricity prices, or keep them high enougt

that generating electricity at home would keep emd an attractive optic

The subsidy of purchase

Contrary to the expectations, a constant subsidypwthase did not influen
radically the diffusia. A subsidy smaller that 1000EUR will not be effes
Varying the amount between 1000 and 10000 did nakemany noticeabl
difference.The impact of a subsidy of purchasenull over 15yeais, after which it
oscillates betweenl;2% and 4,8%. The sulai of purchase has positive effect
between year 2&nd year 4, which means that when the market share of r-

CHP is growing, theubsidy of purchase has no imp
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Figure 20: Market share variation with purchase subsidies of 1000EUR

The effect of the population distribution

In the figures shown previous (figures 15, 17, 19 and 19he progress of th
market share in the reference nario was changing, despite the absence of ch
in the environment. This is due to the distributmnthe agentin the housesOn
every simulation, the agents are randomly distabdutver the houses according
the percentages shown in table 3. This will creaieh time a different combinatis
of agents in each house, which will lead to a d#ifie behavior regding the heating
system.Taking for example a house with a single ownerngiiag the type of th
agent will be capital. In a bigger house, the gfof changing one agewould be
smaller,sometimes evenegligible.This can be better understood by rring to the
voting method wheréhe importince of individual votes is inversely proportional
the number of ballotsThe more voters there is, the less importance siagie vote

has.

50



CHAPTER V - CONCLUSION

The aim of the thesis was to monitor the diffusilb@ micro-CHP technology and to
see if it has potential to replace the conventidmedting system. This has been
managed by creating a model of the individualsnigkilecisions regarding their
heating systems, and model the environment in wthely will be behaving. The
simulations have shown that under the current omathe micro-CHP will not
have enough diffusion speed to reach half of theketashare within the next 20
years. In all the scenarios that have been modtied]iffusion is estimated to take

more than 30 years. The following major conclusibage been made:

* In the current situation, the micro-CHP will ne€e8l ykears to achieve 50% of the

market.

* An increase in the prices of gas with respect extekity will slow down the
diffusion of micro-CHP.

* An increase in the price of electricity will imprewthe diffusion speed and will

cope well with the change of price in gas.

* A subsidy of purchase below 1000 Euro will not uefhce the diffusion of micro-
CHP. The subsidy will have a positive effect in flist 28 years, then it should be

cut to prevent reducing the diffusion.

* Houses with low heat demand are less attractedi¢cor@HP. This will be an
important issue, taking into account that newerstmction have a better insulation

and have less heating demand.
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FUTURE IMPROVEMENTS

While running the simulations, some issues weradoto have a potential to be

improved:

* The scenarios that have been run were always asgueniconstant price of
electricity, gas and feedback. A good way to imprtive simulation is to append a

model of the electricity and gas market, in ordehave dynamic prices.

» The observed area allowed an individual definitddrevery house according to its
heat demand and number of owners. The drawbackaisit limited the market
fluctuation: by monitoring a bigger number of hosis¢he simulation can be

improved and normalized.

* In this simulation, we have considered a supplysstimg of only two products.
Adding other competitive products will improve thesults and avoid having 2
symmetrical curves in the market share representatihis will nevertheless add an
action and two new states per product added, iscrgathe complexity of the

simulation.

* The population has all been characterized as owrldrs tenants have been
considered as owners of their apartments. Tenaatsell as owners not living in
their apartments, are very different from the agembdeled in this thesis. The

realism of the simulation has no equal but its clexipy.

* The simulation has pointed out the need of profil@s the houses. By only
defining the profile of owners, we created a vemgé possibility of combination of

owners in each house. Determining specific composibf houses will allow a
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better understanding of the decision, and will kesua less randomized diffusion
curve. This will allow the expansion of the modehich is currently limited by its

structure around the people. In order to modergelaarea, it is not recommended
to consider each owner as an individual agent. t&lug agents together is not
useful; one should rather group the similar housgsther. By similar houses, we
mean houses with a close heat demand and a siovilaer mix. Grouping the

houses in clusters will also allow to make moreut#idns and to learn from the
houses behaviors. In the current model, agents toad many parameters
differentiating them (preferences, cost of actiamg reward of state) that it made it
difficult to filter out the common factors and leahow there decision process

happens.

FINAL WORD

With this thesis, the initial question has beenwasted and many new ones have
been opened. “Perfection is the nightmare of sEntWhen everything becomes

perfect, there would be no more room for improvetrien
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