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Abstract

Solar and wind power are expected to play a central role in future carbon-neutral electricity
generation systems based on renewable sources. However, integrating intermittent and weather-
dependent production into electricity markets that are designed for well-predictable variations in
demand and supply is not straightforward. This dissertation addresses three specific economic
problems regarding how current electricity generation systems can cost-efficiently absorb more
solar and wind power.

In the first study, a residential solar panel and battery adoption model is estimated using data
from Germany in 2000–2018. Drawing from adverse selection literature in contract theory,
different subsidy policy combinations are examined to determine whether they would lead to any
savings in governmental subsidy costs. The main finding is that combining a feed-in tariff with an
investment subsidy for batteries is cost-efficient.

The second study addresses the co-existence of fluctuating renewable power and nuclear
power plants, which are not particularly flexible in adjusting their output power. The study
examines whether the nuclear power plants’ inflexibility hinders the large uptake of solar and wind
power in Germany or whether the plants’ low marginal cost of generating electricity outweighs
the costs stemming from their inflexibility. The findings indicate that the inflexibility is mainly
reflected in increasing balancing costs, but the solar and wind power capacity can still grow
notably in the country without significant increases in these costs.

The third study examines whether the recently introduced capacity market in Ireland provides
an additional lever for the dominant firm in the electricity market to exercise market power. Using
ex-ante simulations, the study shows that the largest firm, by taking advantage of its dominant
position, can increase costs in the capacity market notably when compared to the least-cost
solution. The main forms of abuse of market power would be capacity withholding to drive up the
capacity payments and predatory pricing with the aim of forcing rivals to exit the market.

Keywords: economic efficiency, economic models, electricity market, energy policy,
nuclear power plants, renewable energy sources, solar energy
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Tiivistelmä

Aurinko- ja tuulivoiman odotetaan olevan keskeisessä roolissa tulevaisuuden hiilineutraalissa
uusiutuviin energialähteisiin perustuvassa sähköntuotannossa. Sääriippuvan tuotannon lisäämi-
nen sähkömarkkinoille, jotka on suunniteltu olosuhteisiin, joissa kysynnän ja tarjonnan vaihtelu
on hyvin ennustettavaa, ei ole kuitenkaan ongelmatonta. Tässä väitöskirjassa tarkastellaan kol-
mea taloustieteellistä ongelmaa, jotka liittyvät siihen, miten nykyiseen sähköntuotantojärjestel-
mään saataisiin kustannustehokkaasti lisää aurinko- ja tuulivoimaa.

Ensimmäisessä osatutkimuksessa estimoidaan kysyntämalli kotitalouksien aurinkopaneelijär-
jestelmille ja niihin liitetyille akuille käyttäen havaintoaineistoa Saksasta vuosilta 2000–2018.
Soveltamalla sopimusteoriaan kuuluvaa kirjallisuutta haitallisesta valikoitumisesta tutkimukses-
sa tarkastellaan, voitaisiinko erilaisia tukipolitiikkamuotoja yhdistämällä säästää tuen kustannuk-
sissa. Tutkimuksen päätulos on, että syöttötariffin yhdistäminen akkujen investointitukeen on
erityisen kustannustehokasta.

Toisessa osatutkimuksessa tarkastellaan, miten sään mukaan vaihteleva sähköntuotanto sopii
yhteen tuotantotehon säätökyvyltään suhteellisen joustamattomien ydinvoimaloiden kanssa.
Osatutkimuksen pääkysymys on, vaikeuttaisiko ydinvoimaloiden joustamattomuus aurinko- ja
tuulivoiman laajaa käyttöönottoa Saksassa, vai ylittäisivätkö ydinvoiman matalien rajatuotanto-
kustannusten hyödyt sen joustamattomuudesta aiheutuvat haitat. Osoittautuu, että joustamatto-
muus ilmenee markkinoilla pääasiassa kohonneina säätökustannuksina, mutta aurinko- ja tuuli-
voimatuotanto voisi kasvaa Saksassa vielä huomattavasti, ennen kuin näistä kustannuksista tuli-
si merkittäviä.

Kolmannessa osatutkimuksessa tutkitaan, tarjoaako vastikään Irlannissa käyttöönotettu kapa-
siteettimarkkina sähkömarkkinoilla määräävässä asemassa olevalle yritykselle lisämahdollisuu-
den käyttää markkinavoimaa. Simulaatiot osoittavat, että markkinoiden suurin yritys voisi ase-
maansa hyväksikäyttäen nostaa kapasiteettimarkkinan kustannuksia merkittävästi. Keskeisimmät
tavat väärinkäyttää määräävää markkina-asemaa olisivat kapasiteetin tarjoamatta jättäminen
kapasiteettimaksujen nostamiseksi ja saalistushinnoittelu, jonka tarkoituksena on saada kilpaili-
joita poistumaan markkinoilta.

Asiasanat: aurinkoenergia, energiapolitiikka, sähkömarkkinat, taloudelliset mallit,
taloudellisuus, uusiutuvat energialähteet, ydinvoimalat
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1 Introduction 

1.1 Background 

A global trend exists in the energy production industry1 where fossil fuels (mostly 

coal, natural gas, and oil) are displaced by renewable energy sources. This 

development was originally driven mainly by three concerns: increased air and 

water pollution caused by burning, mining, and transporting of fossil fuels; the 

sustainability of the energy system threatened by the depletion of fossil fuels; and 

the energy security which stems from the uneven geographic distribution of fossil 

fuels worldwide. Growing concerns about climate change due to global warming 

caused by human activity has recently become the main motivation to continue the 

ongoing transition towards renewables, and even accelerate it further.  

The Paris Agreement in 2015 was an important landmark in global response to 

the threat of climate change, where 196 state parties agreed to keep the global 

temperature rise well below 2°C compared to pre-industrial levels and to pursue 

efforts to limit the temperature increase to 1.5°C (UNFCCC, 2015). It has been 

estimated that to reach the 1.5°C target, greenhouse gas emissions should drop from 

55.3 GtCO2e in 2018 to 25 GtCO2e in 2030, which is 7.6% per year from 2020 to 

2030. However, in the last decade, emissions have risen 1.5% per year with no sign 

of peaking in the next few years (UNEP, 2019). The energy sector has a decisive 

role in this ambitious but indispensable pursuit. In 2018, energy-related emissions 

accounted for 60% of total greenhouse gas emissions (IEA, 2019). Moreover, 

within the energy sector, electricity generation accounted for 34% of all energy-

related emissions in advanced economies (IEA, 2020a). The role of electricity 

generation in the entire energy industry is expected to increase in the future due to 

expanding electrification of transport and a rapid development of different power-

to-x technologies. Therefore, the general uptake of carbon-neutral renewables in 

electricity production is likely to continue at an accelerated pace in the future. 

The most common renewable energy technologies which are used to produce 

electricity are hydro power, solar and wind power, biomass, and geothermal energy. 

Hydro power and geothermal energy are efficiently available only in particular 

locations. Furthermore, burning biomass is not pollution- or emission-free, and 

biomass is also problematic in terms of land and water use and resource availability. 

 
1 Including electricity generation, the heating and cooling of air and water, transportation, and rural off-
grid energy services, among other things. 
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Instead, solar and wind power respond well to the aforementioned challenges. Solar 

irradiation and wind are available practically everywhere, and their utilization does 

not pollute the air or increase greenhouse gas emissions. Solar power and wind 

power are hence currently considered to be the most promising technologies to 

achieve large-scale decarbonization in the electricity generation sector. Solar and 

wind power capacity has consequently grown rapidly worldwide in recent years. 

This development has been amplified by the declining prices of wind turbines and 

solar panels, economic incentives offered by governments, and an increase in 

experiences with building and operating solar and wind power plants. For example, 

in Germany, which is considered to be the front runner for green technologies in 

Europe, the share of solar and wind power from all electricity generation has 

increased from 7.9% in 2010 to 28.1% (wind 20.4% and solar 7.7%) in 2019 (IEA, 

2020b). In addition, in 2018, the global share of solar and wind power was 6.8% of 

all generated electricity, but the pace is increasing rapidly. However, solar and wind 

power plants have one essential disadvantage: they cannot be dispatched when 

needed; instead, their production varies with the weather, and the hourly and 

seasonal variability of solar and wind power can be substantial. 

Electricity markets have some specific features which distinguish them from 

other commodity markets. These features must be taken into account when an 

increasing amount of solar and wind power is absorbed in the market. First, 

electricity demand and supply must be balanced at all times. Since electricity is 

difficult to store in large amounts, conventional power plants must adjust their 

output power when solar and wind power vary with the weather conditions. 

Frequent output power adjustments on a large scale may be uneconomic or 

technically difficult or detrimental for power plants, which are designed for steady 

output. Second, electricity demand is highly inelastic. Perhaps excluding large 

industrial consumers, electricity consumers are accustomed to using electricity 

when they need it without considering the current price level. This means that even 

small changes in supply can have a large impact on prices. Therefore, increasing 

variation in supply due to solar and wind power leads to larger price spreads. Many 

electricity markets frequently experience both negative prices and prices that can 

be even a hundred times higher than the long-term average. Third, electricity 

markets are often highly concentrated, mostly for historical reasons. For example, 

in Europe, before the EU-wide electricity market liberalization processes began in 

the late 1990s, electricity markets were typically national and dominated by state-

owned firms. Even after full or partial privatization of former public companies, it 

is not uncommon for these markets to still reflect earlier structures having only a 
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few dominant firms in the market in addition to many substantially smaller ones. 

This oligopolistic market structure together with the inelastic demand, the poor 

storability of electricity, and the limited transfer capacities in the grid make 

electricity markets vulnerable to strategic behaviour and the abuse of market power. 

Fourth, electricity grids are usually designed assuming that the power is generated 

in large power plants connected to high-voltage grids and delivered to residential 

and industrial consumers in low-voltage grids. This structure is not well suited to 

decentralized electricity generation wherein many small generating units exist in a 

low-voltage grid. For example, in residential areas with many solar panel 

installations, surges of solar power may cause over-voltages in low-voltage grids. 

Finally, the rapid growth of renewables has brought about concerns regarding 

capacity adequacy. If all fossil-fuel-fired generation is replaced by solar and wind 

power, there may be a shortage of generation capacity during hours when the sun 

is not shining and the wind is not blowing. Electricity is generally considered a vital 

commodity for households, businesses, and industrial processes, and even small 

blackouts are usually not well tolerated. 

1.2 Aims of the thesis 

Integrating solar and wind power into current electricity markets provides a field 

for several interesting research questions which are important to solve and hit the 

core of modern microeconomic theories. This thesis addresses three specific 

questions. 

Solar and wind power do not take over in the electricity generation industry 

without active policy measures. Decentralized solar panel installations by ordinary 

households are considered an important way to increase solar power, but even if 

the price of solar panels has decreased rapidly since 2000, for many households it 

is still not economically viable to invest in a solar panel system. Therefore, many 

governments have decided to promote households’ solar panel adoption with 

economic subsidies. The most common subsidy policy tools for solar energy are a 

feed-in tariff that rewards households for generated energy and an investment 

subsidy that lowers the price faced by solar panel system purchasers. Both policy 

instruments have been well analysed in the literature as independent policy 

instruments. In the first study of this dissertation (Study I), residential solar panel 

adoption is seen as an asymmetric information problem – specifically an adverse 

selection procurement problem – which has been extensively analysed in contract 

theory literature. The findings in this literature suggest that combinations of 
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performance-based and lump-sum subsidies, menus of different policy alternatives, 

and non-linear tariffs can be more cost-efficient policy tools than any single 

instrument alone. Drawing from this literature, the main research question in Study 

I is whether different subsidy policy combinations can result in cost savings in 

residential solar panel adoption when compared to a feed-in tariff or an investment 

subsidy alone. This is analysed empirically using an adoption model which was 

first estimated from the German solar panel and battery adoption data in 2000–

2018. Another novelty in Study I is that it recognizes the increased value of 

residential solar panel self-consumption in preventing and relieving occasional 

congestions in low-voltage networks, and the results are also assessed from this 

perspective. Self-consumption rates can be enhanced with batteries connected to 

solar panel systems. This option has become feasible for households in recent years, 

as the prices of the batteries have decreased substantially. 

The second study of this dissertation (Study II) investigates the expansion of 

solar and wind power from the conventional power plants’ perspective, particularly 

nuclear power plants, which provide relatively invariant baseload power in many 

countries. Solar and wind power is usually privileged in the grid, and other power 

plants must adjust their output power more frequently and at a growing range to 

meet the increasingly fluctuating residual demand. With a rapid expansion of 

weather-dependent renewables, this is also increasingly concerning nuclear power 

plants, which are accustomed to generating power at a constant rate throughout the 

year. Nuclear power plants have several technical restrictions which limit the rate 

and scale at which they can adjust their output power. Large output variations also 

cause additional costs for the nuclear plants, for instance in the form of increasing 

start-up, ramping, and wear-and-tear costs. On the other hand, the marginal cost of 

generating electricity is particularly low for these plants. This is reflected in market 

prices and benefits end users. Study II addresses this trade-off in Germany, where 

solar and wind power penetration is one of the highest in the world and still growing, 

while nuclear power plants generate a significant share of the baseload power at 

the same time. The main research question is whether the additional costs resulting 

from nuclear power plants’ poor flexibility will outweigh their low generation costs 

in the German market in the near future as solar and wind power capacity continues 

to grow. The main cost channels how power plant inflexibility manifests itself are 

identified. 

The third study of this dissertation (Study III) takes a long-term view. In the 

future, the electricity generation mix will change when new power plants are built 

and the decommissioning of existing plants take place. Rapidly increasing solar 
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and wind power in the electricity market means less runtime and hence less revenue 

and profits for conventional power plants, thus causing some of them to eventually 

exit the market. This is, of course, what is desired – carbon-free production replaces 

fossil-fuel-fired power generation. However, the large variation of solar and wind 

power and the fact that solar and wind power plants cannot be switched on when 

needed, may lead to a capacity adequacy problem threatening the security of supply. 

In periods when the sun is not shining, the wind is not blowing, and the demand is 

high, a large conventional power plant fleet is still needed to meet the demand. If 

the production capacity in the market is not adequate, this may lead to extremely 

high market prices and even controlled regional blackouts. One way to avoid these 

situations and ensure the security of electricity supply at all times is to pay power 

plants to be available in the market regardless of whether or not their capacity is 

used for electricity generation. This type of capacity payment is usually allocated 

to power plants in a capacity market which often takes the form of a multiunit 

auction. In Europe, capacity markets have been employed, for example, in the UK, 

Ireland, France, Poland, and Italy. Introducing a new market which is tightly 

connected to other markets in electricity generation (such as forward, day-ahead, 

intraday, and balancing markets) in an oligopolistic industry has raised concerns 

about strategic behaviour and market power abuse. The Irish electricity market is 

an example where this could be a notable problem due to the high wind power 

penetration level and the dominant position of one firm in the market. Study III 

empirically investigates possibilities for the abuse of market power and strategic 

behaviour in the Irish context. The main research question is whether the currently 

dominant firm in the market can exercise market power in the recently introduced 

capacity market, and if yes, then how this could be done. 
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2 Theoretical foundation 

This section describes the theoretical backgrounds of the three studies in this 

dissertation. Rather than providing an extensive literature review, only the most 

seminal theoretical contributions and the most influential applications in each field 

are discussed here. Each study then introduces more specific and recent literature. 

Subsections 2.1 and 2.2 are related to Study I, and the last subsection 2.3 pertains 

to Study II and Study III. 

2.1 Demand estimation with a discrete choice model 

Estimating the demand of a product or service using microeconomic data is at the 

heart of the empirical industrial organization field in economics. It is extremely 

valuable for firms to know how the demand for their product responds to changes 

in product characteristics or the price of the product, or to the introduction of a new 

product in the market. Policymakers also need to know how economic incentives 

affect consumers’ behaviour when designing interventions in the market (for 

instance, in the form of taxes or subsidies). 

On an individual level, consumer demand often reflects discrete choices: a 

product is purchased or not, or one of the several service providers is selected. 

Therefore, the discrete choice analysis has become an important methodological 

tool in demand estimation. Several advances and seminal contributions in this field 

were provided by Daniel McFadden2. His approach can be described in the context 

of market exchange as follows (see, for example, McFadden, 1974). Assume there 

are 𝐽  differentiated products (for example, car models) for sale in a market. 

Individuals 𝑖 1, … , 𝐼 purchase one, and only one, of the products 𝑗 1, … , 𝐽. If 
individual 𝑖 selects product 𝑗, then that individual receives utility 

 
𝑈 𝛽 𝑥 𝛿 𝑧 𝜀   , 1  

 

 

where vector 𝑥  represents the characteristics of product j (for a car, for example, 

engine size, model year, price, etc.), and 𝛽  is a vector of a representative 

 
2 Daniel McFadden was awarded the Nobel prize in economics in 2000 (together with James Heckman) 
“for his development of theory and methods for analyzing discrete choice”. He integrated discrete choice 
analysis into microeconomic theory, developed econometric methods for estimating the models with 
microeconomic data, and applied the models to analyse a number of social issues. 
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individual’s preferences for the product characteristics. Similarly, vector 𝑧  

represents individual i’s characteristics (for example, age, gender, income, etc.), 

and vector 𝛿 is a measure of how they impact the utility. Importantly, while 𝑥  and 

𝑧  are observed and included in the data, the last term 𝜀  is stochastic and contains 

all unobserved variables which affect the utility. The unobserved variables include 

such product and individual characteristics which are not available for the 

econometrician and thus not incorporated into 𝑥  or 𝑧 . However, the individuals 

may well observe these characteristics. The unobserved term also includes the 

individual’s deviations from the representative individual’s preferences 𝛽 . It is 

assumed that 𝜀  is distributed independently across products and individuals. 

Individual 𝑖 selects the product which yields the highest utility. The probability 

of a particular product being selected by an individual with specific characteristics 

can be obtained by integrating over the stochastic term 𝜀 . If it is assumed that 𝜀  

follows type I extreme value distribution, then the probability of a random 

individual who has characteristics 𝑧  selecting product 𝑗 (its utility is the highest 

among all alternatives) has a particularly simple form: 

 

𝑃
𝑒

∑ 𝑒
  . 2  

 

With this assumption, this model is often called a (“conditional” or “multinomial”) 

“logit model”. Given microeconomic data which contains 𝑥 , 𝑧 , and the choice of 

individual 𝑖 , the parameters 𝛽  and 𝛿  can be estimated using the maximum 

likelihood method. The estimated model can then be used, for instance, to predict 

market shares if product characteristics or prices change. The model parameters 

also reveal how individual characteristics affect the purchasing decision. The 

probability in Equation (2) can also be interpreted as a share of individuals who 

select product 𝑗  among the individuals with the same characteristics 𝑧  . If only 

market-level data is available, then term 𝛿 𝑧  vanishes from Equation (1), and the 

probability in Equation (2) corresponds to the market share of product 𝑗 . If 

individuals do not purchase any of the products, it is common to think that they 

then select the outside option 𝑗 0  with the utility 𝑈 𝜀  , where 𝜀   is 

distributed similarly to 𝜀 . When this option is available, it is not enough that the 

market shares of the products are observed; the share of individuals not purchasing 

must also be known. This requires knowing or estimating the number of potential 
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purchasers in each market. This is often challenging and one of the weaknesses of 

discrete choice market models. 

The standard logit model described above has a well-known feature which is 

referred to as the independence of irrelevant alternatives (IIA). This means that the 

odds ratio between two products depends solely on the characteristics of those two 

products, not on any other products in the market. This can be seen from Equation 

(2): 𝑃 𝑃⁄  does not depend on any other products’ characteristics or prices than 

products 𝑗 and 𝑘 (where 𝑗,𝑘 ∈ 1, … , 𝐽 ). In practice, this shows up, for instance, 

if a new product is introduced in the market; then, all other products’ market shares 

decrease so that the odds ratios remain constant. This feature is not realistic in many 

applications. If the new product is a close substitute for another product already in 

the market, it is likely that the new product seizes much of the similar product’s 

market share, but does not significantly impact the market share of a product which 

is quite different and that perhaps serves a different purpose. The odds ratios are 

then expected to change. The famous example of this is the blue-bus–red-bus 

example.3  Technically, the IIA property results from the i.i.d. assumption of the 

term 𝜀 . If different substitution patterns are observed, the terms 𝜀  are correlated. 

If an individual has a positive attitude, higher than the representative individual, 

towards a red bus, it is likely that the former person also has the same attitude 

towards a blue bus. If these attitudes are not observed, then they are included in 𝜀  

and correlated over products. Viewing this from a different perspective, consumer 

preferences in 𝜀  and product characteristics 𝑥  enter the utility function (1) only 

additively. Allowing interactions between these two terms in the utility function 

would relax the IIA restriction. 

If the IIA property is not desired, one way in which to relax it is to apply a 

nested logit model (McFadden, 1978), which allows for correlation between the 

stochastic terms 𝜀  over the alternatives. In the nested logit model, alternatives are 

first collected into groups (often referred to as “nests”). The model can be 

interpreted as several sequential choices: the individual first selects a nest and then 

an alternative within the nest. Each selection phase is a logit model, so the nested 

logit model can be considered as several consecutive logit models organized in a 

tree structure. The alternatives in the same nest exhibit an IIA property among one 

 
3 Assume that there are commuters who choose between a train and a (blue) bus every day. If a new bus 
– a red one that is otherwise similar to the blue bus – is introduced among the alternatives, then one 
would anticipate that commuters do not care about the colour of the bus, and the new alternative would 
reduce the number of commuters using the blue bus, but the number of commuters selecting the train 
would be unaffected. 



22 

another, while the alternatives in different nests do not. In the blue-bus–red-bus 

example, both bus alternatives would be in the same nest, and the individual would 

first choose between the train and this nest, and then between the buses if the nest 

was selected. Terms 𝜀  between the bus alternatives are independently distributed, 

but between the train and a bus, alternative terms 𝜀  can be correlated. This nested 

structure enables more sophisticated substitution patterns than the simple logit 

model. 

In the nested logit model, the probability that individual 𝑖 selects product 𝑗 is 

 

𝑃
𝑒 ∑ 𝑒∈

∑ ∑ 𝑒∈

   , 3  

 

where 𝑉 ≡ 𝛽 𝑥 𝛿 𝑧 , set 𝐵  is a group (“nest”) of products to which product 𝑗 
belongs; for all nests, index 𝑛 1, … ,𝑁 denotes set 𝐵  for products in nest 𝑛; and 

𝜆  is a measure of the correlation among the products in the same nest 𝑛. Variable 

𝜆  takes values between zero and one. If 𝜆 1, then the corresponding 𝜀  terms 

are fully independent, and if 𝜆 0 , then they are fully correlated. Comparing 

Equations (3) and (2), the numerator in Equation (3) now depends on other products; 

therefore, the odds ratio 𝑃 𝑃⁄  between two products (𝑖 and 𝑘) is not necessarily 

invariant when a new product is introduced in the market unless the products are in 

the same nest. Note also that if 𝜆 1 for all nests 𝑛, then the model reduces to a 

standard logit model. While the parameters 𝜆  can be estimated from the data with 

other model parameters, the tree structure for how alternatives are nested must be 

decided beforehand by the econometrician. If many similar alternatives are 

available, then the way in which they should be nested is not always apparent. 

Deciding on the proper nest structure for each particular application is the main 

challenge when applying the nested logit model. 

In general, when estimating the determinants of product demand from market-

level data, it is not uncommon for factors to exist that impact both the price and the 

demand of the product, but which are observed only by consumers and not by the 

econometrician. For example, a product may be in fashion, have a high quality, or 

have a strong reputation. These may be difficult to quantify and therefore not 

included in the data. This kind of product may face high demand even if its price is 

also high relative to other similar products. If this type of demand factor is not 
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included in the observed variables, its impact is captured in the stochastic 

unobserved term, thus making it correlate with the price term and introducing price 

endogeneity in the model. If not taken into account, the price endogeneity may lead 

to strange price elasticities and biased estimates for model parameters. In linear 

regression models, the endogeneity of prices is usually handled by applying 

standard instrumental variable methods, but in the context of discrete choice 

models, those methods are not as straightforward to apply. Nevertheless, Berry 

(1994) proposes a simple method for doing this. He specifies the utility function in 

the discrete choice model as 

 
𝑈 𝛽 𝑥 𝛼𝑝 𝜉 𝜀   . 4  

 

Compared to Equation (1), individual characteristics 𝛿 𝑧  are not included; price 𝑝  

with its preference 𝛼  is simply separated from other observed product 

characteristics 𝛽 𝑥 , and the unobserved product characteristic 𝜉  is extracted from 

other unobserved variables in 𝜀 . Now, 𝑝  is allowed to correlate with 𝜉  but not 

with 𝜀 . The variable 𝜉  can be considered as the mean valuation of the product’s 

unobserved characteristics among all individuals, while individual differences in 

this valuation are in 𝜀 . Note also that the outside option with 𝑈 𝜀  must exist 

in order to identify 𝜉 . As in Specification (1), 𝜀  in (4) also contains idiosyncratic 

deviations from the mean preferences 𝛽. Berry (1994) shows that given a particular 

distribution for 𝜀 , the observed market shares can be mapped into unique mean 

utility values which equal the deterministic part of the utility function (𝛽 𝑥
𝛼𝑝 𝜉 ). Then, with 𝜉  playing the role of an unobserved error term, a standard 

linear regression combined with an instrumental variable method can be applied to 

estimate the model parameters. Traditional instruments are cost variables, such as 

input prices, which correlate with the product price 𝑝   but not with 𝜉  , and are 

excluded from 𝑥 . 

The approach presented by Berry (1994) is developed further by Berry et al. 

(1995), focusing on a method for estimating a full random coefficient model which 

allows heterogenous consumer tastes whose distributional parameters are not 

known. Berry et al. (1995) also demonstrate how to combine market-level product 

data with exogenous individual income distribution, and considering also the 

supply side, they provide an application of their method to the automobile industry. 

Their model, often referred to as the Berry-Levinsohn-Pakes (or BLP) model, has 

become a standard workhorse for many demand estimation applications. The utility 

function in the BLP model has the following form: 
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𝑈 𝛽 𝑥 𝛼𝑝 𝜉 𝜀   , 5  

 

where utility 𝛽 𝑥   can be decomposed into two parts: a utility, which a 

representative individual receives from product 𝑗 , and the degree to which 

individual 𝑖 deviates from it. Thus, 

 

𝛽 ′𝑥 𝛽 𝑥 𝜎  𝑥 𝜐   , 6  

where 𝜐   are the elements of a mean zero vector of random variables 𝜐   which 

measure how much individual tastes deviate from the representative individual’s 

tastes 𝛽 for product characteristics 𝑥 . The contribution of 𝑥  units of the specific 

product characteristic 𝑘 to the utility of individual 𝑖 is then 𝛽 𝜎 𝑣 𝑥 . The 

functional form of the parametric distribution of vector 𝜐   must be known. In 

practice, multivariate normal distribution with an unknown variance is often 

assumed for 𝜐 . The standard deviation of the distribution of element 𝜐  is 𝜎 . The 

standard deviations are estimated in the model. 

Like the nested logit model, random coefficients also relax the IIA property, 

since they allow for interaction between individual tastes and product 

characteristics.4 If individuals have a high preference for the characteristics of a 

blue bus, they probably also have a high preference for a red bus, since the two 

buses’ characteristics are similar. This feature in the BLP model enables the 

modelling of more reasonable substitution patterns than a simple logit model. 

Moreover, to resolve the price endogeneity problem, Berry et al. (1995) build 

on Berry (1994) when proposing a method to estimate the BLP model parameters. 

Their method has several stages which contain nested optimization and iteration 

loops as well as numerical integration. In the first step, given some initial model 

parameters, the predicted market shares are calculated by first integrating out 𝜀  

using the closed-form solution if type I extreme value distribution is assumed, and 

then integrating over the distribution of individual tastes. The latter integration is 

typically done by simulation using random draws. Next, mean utility values are 

found which match the predicted market shares with the observed values. For this, 

Berry et al. (1995) propose recursive contraction mapping. The corresponding 

 
4 Berry (1994) demonstrated that the nested logit model can be interpreted as a special case of the 
random coefficient model. Resulting product substitution patterns are more restricted in the nested logit 
model if the nest structure is fixed. 
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unobserved product characteristics 𝜉   are then solved, they are interacted with 

instrumental variables, and the formed generalized method-of-moments (GMM) 

objective function is evaluated. In the outermost iteration loop, model parameter 

values are found which minimize the GMM objective function with proper moment 

conditions. One of the challenges in this method is to find feasible instrumental 

variables, and an important limitation of this method is that it does not allow zero 

market shares. Since the predicted purchasing probabilities in the BLP model are 

always strictly positive, such 𝜉  cannot be identified, which makes the observed 

zero market share match with the predicted one. 

In market-level data, individual-level purchasing decisions cannot be 

distinguished, and it is not possible to connect an individual with specific 

characteristics to the purchase of a particular product. However, if the distribution 

of such individual characteristics is known and assumed to affect the purchasing 

decision, then it is possible to utilize this distributional information in estimation. 

A simple example can be found in Nevo’s (2000) study, which is a very useful 

reference for specifying and estimating a BLP model. He presents a utility function 

in the following form: 

 

𝑈 𝛼 𝑦 𝑝 𝛽 𝑥 𝜉 𝜀   , 7  

 

where 𝑦  denotes the income of individual 𝑖. Even if the econometrician does not 

observe any individual income, the impact of income distribution on market shares 

can be estimated by integrating out the term 𝑦  if only its distribution is known. For 

empirical distributions, numerical integration with random draws can be used. 

Index 𝑡 in Equation (7) denotes for a market. This was omitted from earlier utility 

functions for clarity. A market can be not only a geographical region but also a time 

period, or a combination of both. As specified in (7), it is common to allow product 

characteristics to vary across markets, but not individual preferences. Moreover, 

the unobserved variables 𝜉  and 𝜀  vary across markets. In particular, 𝜀  is also 

often assumed to be distributed independently across the markets. 

After the initial contributions, the BLP model has been developed in several 

directions. These include different methods for estimating the model, applications 

in different fields, and tailoring of the model to specific situations. Seminal 

examples of empirical studies where the plain BLP model has been applied 

successfully are those by Nevo (2001), for estimating price-cost margins in the 

ready-to-eat cereal industry, and Petrin (2002), for estimating the welfare effects of 
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introducing a new product (the minivan) in the automobile industry. Both studies 

augment market data with demographic data to enhance estimation.  

One of the most important extensions in a standard discrete choice demand 

model is incorporating dynamics. For durable goods, consumers may choose to 

purchase the product later if they expect its price to decline or its technical 

characteristics to improve. This is a common feature, specifically in the markets of 

new technology products. In his distinguished article, Rust (1987) represents a 

dynamic binary choice model to explain the decisions of a bus company’s 

superintendent of maintenance who, for each bus in each month, must decide 

whether to replace the bus engine. The timing of this decision is important; 

postponing engine replacement saves in maintenance costs but increases the 

probability of expensive unexpected engine failure. Rust (1987) specifies a 

stochastic dynamic programming model where the choice is between known 

maintenance costs and expected future costs. The replacement decision is based on 

observed bus mileage and unobserved variables. Bus mileage – the state variable 

in the model – is assumed to evolve according to a stochastic Markov process with 

a transition probability which follows an exponential distribution. He estimates the 

model parameters (the cost structure and the parameters for the state development 

process) using the maximum likelihood estimator. To this end, a nested fixed-point 

algorithm is applied. This numerical method frees one from assuming specific 

functional forms to get closed-form solutions for the expected utility. 

Building on Rust’s approach, Melnikov (2013) introduces dynamics in the 

model presented by Berry (1994). Thus, there are several differentiated durable 

products, but all individuals have the same preferences for the product 

characteristics (excluding potential deviations in the unobserved term 𝜀  ). The 

main innovation in Melnikov (2013) is reducing the state space by noting that the 

value of participating in the market at each time period can be expressed with a 

variable which represents the maximum utility received from the products in the 

market at that time. This variable is fixed given the unobserved terms 𝜀   in 

Equation (4), otherwise, assuming that 𝜀   follows a type I extreme value 

distribution, its distribution can be expressed with a single scalar – the mode of 

distribution. This mode can then be assumed to evolve over time according to a 

Markov process, whose parameters are estimated. In this way, instead of modelling 

the full evolution of all product characteristics in the market, only the evolution of 

a single value needs to be considered. The binary choice of the consumer at each 

time period is then between the product with the highest utility value for the 
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consumer and the (discounted) expected value of still being in the market in the 

next time period. 

Gowrisankaran and Rysman (2012) build on Melnikov’s (2013) work by 

adding random coefficients, thus effectively incorporating dynamics into the BLP 

model in the style of Rust (1987). Random coefficients allow for complex 

substitution patterns both within and across time periods. Gowrisankaran and 

Rysman (2012) estimate the model combining techniques from Melnikov (2013) 

and Berry et al. (1995). Comparing the dynamic model estimates with a similar 

static model in their empirical application for camcorders, Gowrisankaran and 

Rysman (2012) find the estimates from the dynamic model to be clearly more 

realistic. Similarly, Melnikov (2013) finds that the dynamic model performs better 

than the static model in forecasting out-of-sample demands in their computer 

printer data. Other influential applications of the dynamic BLP model include those 

by Lee (2013), who extends Gowrisankaran and Rysman’s (2012) model into 

platform markets, particularly for video games which can be developed for one or 

more game console platforms; Schiraldi (2011), who models an automobile market 

together with a secondary market for used cars; and Hendel and Nevo (2006), 

where the model allows consumers to buy different quantities of laundry detergents 

and store them when the prices are temporarily low due to a sale. 

In Study I of this dissertation, a nested logit discrete choice model is applied to 

model residential solar panel adoption in Germany. Market-level data is used where 

a market is a German state–month pair. Households have three choices: they can 

purchase and install a solar panel system with a battery (𝑗 2), do so without a 

battery (𝑗 1), or select the outside option (𝑗 0) and not purchase anything but 

stay in the market. If household 𝑖 located in German state 𝑠 selects option 𝑗 1 or 

𝑗 2 at time period 𝑡, it receives utility in the following form: 

 
𝑈 𝛽 𝑅 𝛽 𝑆 𝛼𝑘 𝑝 𝜉 𝐷 𝜀   , 8  

 

where 𝑅  is the revenue from the solar panel system; 𝑆  is the resulting savings 

in the electricity bill; 𝑝  is the unit price of the system; 𝑘  is the size of the installed 

system; 𝛽  , 𝛽  , and 𝛼  are the preferences of a representative household; 𝜉  

contains unobserved product characteristics, a fixed effect which is persistent over 

time; 𝐷   contains some time dummies; and 𝜀   contains all other unobserved 

characteristics. Utility from the outside option is normalized to 𝑈 𝜀 . 

Compared to Equation (5), Specification (8) is technically similar to the 

standard BLP model. However, there are no random coefficients for household 



28 

preferences in Equation (8), even if terms 𝑅  and 𝑆  vary between households. 

Thus, in that sense, the model is similar to Berry’s (1994) model and Specification 

(4), as well as to Specification (7), as the household heterogeneity is handled 

similarly to the demographic variables in Nevo’s (2000) study. The varying terms 

in Equation (8) can be interpreted as varying technical characteristics of the product 

(𝑥  in the BLP model). They vary across households because the yield from the 

same solar panel system differs depending on each household’s location and 

because the households’ consumption profiles are different. In estimation, these 

variations in the technical characteristics can be treated in the same way as the 

random coefficients for preferences in the BLP model – integrating them out. 

Another difference is that the unobserved characteristics 𝜉   are assumed to be 

invariant over time but differ between the states, even if the market is defined as a 

state–month pair. 

In this application, the nested logit model is a safe choice to relax the potential 

IIA property, since nesting the choices 𝑗 1 (selecting a solar panel only) and 𝑗
2 (selecting a solar panel system with a battery) is the only feasible way in which 

to group the alternatives. A correlation between the unobserved terms 𝜀  seems 

likely because they capture the deviations in the household preferences. If 

individuals have a positive attitude towards solar panels, then they probably also 

have the same attitude towards solar panels with a battery. On the other hand, 

having the battery option in the market would likely lead some households, which 

otherwise would not install a solar panel system, to now purchase this system with 

a battery if they, for instance, can increase their self-consumption rate significantly 

with the battery. Since introducing a new product in the market will most likely 

also reduce the share of households selecting the outside option, the IIA property 

might also be acceptable to some extent. Fortunately, the coefficient representing 

the correlation between the alternatives, 𝜆, can be estimated in the model. It turns 

out that its value is close to zero, thus justifying the nested logit specification. 

In Study I, potential price endogeneity is omitted when estimating the model, 

as it can be argued that solar panels are relatively neutral products where only the 

technical properties matter (not, for example, the brand), and the market price 

comes from the global market. Moreover, although some manufacturers might 

produce lower-quality panels – their yield is less than expected or they break down 

easier – this can be assumed to be reflected in prices. Finally, a static model is used 

in this application even if ignoring dynamic behaviour might bias the model 

estimates. Study I further discusses why this does not necessarily have a significant 

impact here. 
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2.2 Contract theory and solar panel adoption 

Economic agents often have conflicting interests. For example, sellers want to 

maximize their profits by charging as high prices as possible when selling their 

products, while buyers care only about their own surplus and prefer lower prices. 

In a similar vein, the owners of a firm want their employees to work as efficiently 

as possible to increase the profits and the value of the firm; however, the employees 

may be reluctant to put any additional effort into their work unless they are directly 

rewarded for it, and they might care more about securing their jobs than, for 

instance, cost savings for the firm. 

Contract theory is a field in economics which studies how contractual 

agreements between economic agents can be used to resolve agents’ conflicting 

interests or align them. The key idea in the contracts is that they provide agents 

with economic incentives such that when each agent makes decisions and acts 

purely for its own good, other parties also benefit to some extent.  

The main challenge in designing proper contracts is asymmetric information. 

Agents typically know their own characteristics, such as tastes, valuations, and 

abilities, better than others. This is called private or hidden information in contract 

theory literature. Moreover, agents may be engaged in actions which are not 

observed by others or are difficult to measure. These are known as hidden actions. 

Agents which are better informed than others may be able to use their 

information to their advantage and collect economic rents (called informational 

rents). Therefore, the market equilibrium in contract theory models often deviates 

from the first-best solution. The first-best solution is the allocation that would be 

selected by the social planner which maximizes social welfare under perfect 

information and can force each party to accept any offer. Another reason the first-

best solution is not always reached is that it may require a form of price 

discrimination which is pre-empted by the presence of a secondary market, or the 

required form of price discrimination may simply be illegal. 

Rather than providing a general framework which can be applied to any 

contractual problem with asymmetric information, contract theory offers a large 

collection of models that can be tailored and used as tools in specific applications. 

Still, a canonical contract theory framework with specific terminology exists which 

contains many key ideas and concepts from the contract theory and can be used to 

explain many theoretical results and insights. This is also known as a Principal–

Agent framework; see Ross (1973) or Holmström (1979) in the context of hidden 

action and Myerson (1982) for a more generalized formulation. In this framework, 



30 

there are two economic agents: the Principal and the Agent.5 The Principal wants 

to delegate a task to the Agent, and the Agent has some private information which 

is not available to the Principal. Accounting for this imperfect information, the 

Principal offers the Agent a contract, which the Agent either accepts or rejects. If 

the Agent accepts the contract, it then performs the agreed task. Furthermore, the 

Agent’s performance is imperfectly observed by the Principal, so there is also a 

hidden action involved. Finally, the Agent is rewarded according to the contract 

based on what the Principal observes.  

If several Agents of different types exist, then a typical approach for the 

Principal is to design a specific contract separately for each type. The Principal 

offers the contracts to the Agents without knowing which Agent is of which type, 

and the Agents can freely select which contract they accept, if any. Therefore, the 

contracts must be designed such that each Agent accepts some contract 

(participation constraint), and, in addition, each Agent finds it most beneficial to 

accept the contract particularly designed for its type (incentive compatibility 

constraint). Thus, from the Principal’s point of view, the contract theory problem 

is often a constrained optimization problem where the Principal maximizes its 

objective function, taking into account both the participation and the incentive 

compatibility constraints. 

Contract theory problems are commonly divided into three classes: adverse 

selection, signalling, and moral hazard problems. These differ based on whether 

the asymmetric information is present before or after the contract is accepted and 

who offers the contract. In adverse selection problems, the Agent has private 

information, and the Principal must manage it when offering the Agent a contract. 

In signalling problems, the Agent, which has private information, offers the 

Principal a contract. In moral hazard problems, the Agent can perform hidden 

actions, which the Principal does not observe, after the contract has been accepted. 

Many contract theory problems are combinations of these three classes, and these 

problems can also be described by many other characteristics, such as the following: 

whether the contracts are offered repeatedly (static vs. dynamic problems), how 

many agents there are and what their relationships are (bilateral vs. multilateral 

contracts), or whether contracts contain all information about future states 

(complete vs. incomplete contracts). 

 
5 For clarity, the term “Agent” is capitalized here when referring to the economic agent’s particular role 
with respect to the Principal in the Principal–Agent framework.  
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Although the influence of economic incentives on human behaviour and the 

importance of contractual agreements when delegating work to others have long 

been recognized, contract theory is a relatively young scientific branch in 

economics. Its theoretical foundations were laid down only in the late 1970s when, 

for the first time, many common contractual problems were formulated and solved 

rigorously using mathematical methods. These early applications included 

problems present in employment contracts, credit contracts, and insurance 

contracts to name a few. After those initial theoretical contributions, contract theory 

literature has expanded rapidly, with application fields becoming wider and wider, 

and contractual relationships growing ever more complex. Research on incomplete 

contracts in particular has opened many new avenues for further research where 

ownership structures and the allocation of decision rights play a key role. An 

example is a choice between public and private ownership when the trade-off 

between cost and quality is often faced. Furthermore, empirical studies on contract 

theory have recently increased in number.  

One reason for the late birth of contract theory may be that the models in this 

theory are often mathematically quite complex. This criticism is also frequently 

brought up when the applicability of contract theory is discussed. Optimal contracts 

for each situation are often difficult to solve, and they may be difficult to implement 

in practice. Moreover, if the Agents do not understand the offered contracts properly, 

they may not behave as the Principal expects. Still, contract theory is currently an 

essential part of modern economics, especially in fields such as labour economics, 

financing, public economics, industrial organization, regulation, and procurement, 

as well as in law and political sciences.6  New ways of working, such as crowd 

sourcing, and new online platforms have also increased the need to understand 

contractual situations better. Therefore, whenever asymmetric information forms 

an important part of an economic problem, a current standard practice is to 

scrutinize it also through the lens of contract theory.  

Subsidizing residential solar panel adoption can be considered a public 

procurement problem where an adverse selection problem is present. The 

government offers households a subsidy scheme which the households accept when 

they install a solar panel system. In return, the economy receives solar energy in 

 
6 The importance of contract theory in modern economics is underlined by the fact that in recent decades, 
the Nobel prize in economics (or formally, “The Sveriges Riksbank Prize in Economic Sciences in 
Memory of Alfred Nobel”) has been awarded several times for researchers whose work is more or less 
related to contract theory (Holmström and Hart in 2016; Tirole in 2014; Hurwicz, Maskin, and Myerson 
in 2007; Akerlof, Spence, and Stiglitz in 2001; and Mirrlees and Vickrey in 1996). 
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the electricity market. If the subsidies are based on solar energy production (as with 

the feed-in tariff), then to achieve the desired amount of solar energy, the subsidy 

rate might have to be relatively high. Households in sunny locations may 

consequently obtain high economic rents – they would install the solar panels even 

if the subsidy was much smaller. This is inefficient from the government’s point of 

view. The first-best solution would be that each household receives exactly a 

subsidy amount such that it is indifferent regarding installing versus not installing 

the panels. It is difficult for the government to have accurate knowledge about these 

individual subsidy amounts, as they depend not only on each household’s location 

and local conditions (mounting, shading, etc.), but also on the household’s 

valuation of green energy. These valuations may vary greatly between households 

and are difficult to measure. To summarize this adverse selection problem using the 

Principal–Agent framework, the government is the Principal, the households are 

the Agents, the subsidy is defined in the contract, and the lowest subsidy amount 

which each household needs to install the solar panel system is its private 

information. 

Common references to the way in which asymmetric information manifests 

itself in adverse selection problems are from Mirrlees (1971), Mussa and Rosen 

(1978), and Maskin and Riley (1984). Mirrlees’ (1971) pioneering article formally 

analyses the adverse selection problem in the context of an optimal income tax rate 

schedule when individuals have different productivities and can decide how much 

time they spend working. The individuals’ production, which equals their income, 

is the result of their productivity and time spent for working. The government 

observes only the income of each individual, and maximizing social welfare sets 

the tax schedule, which maps an income to a taxed amount. The trade-off for the 

government is that if the tax rate at some income level is increased, people will 

work less, thereby reducing total production and possibly also the tax income. 

Moreover, it would be beneficial to have individuals with higher productivity work 

more than those with lower productivity; however, productivity is private 

information for the individuals and not directly observed by the government. Mussa 

and Rosen (1978) and Maskin and Riley (1984) develop the analysis of Mirrlees 

(1971) further in a different context. 

Mussa and Rosen (1978) examine the price-setting problem of a monopolist 

when consumers have private information about their preferences for a product’s 

quality. Their set-up can be described with a simple example as follows. A seller 

(the Principal) produces a single product in different varieties; these varieties are 

referred to as product quality q, where larger values of q indicate higher quality. 
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Producing a higher-quality product is more expensive; therefore, the cost function 

C(q) increases in q with C’(q) > 0 and C’’(q) > 0. For simplicity, it is assumed that 

the unit cost C(q) is constant for any given quality. Each buyer (the Agent) buys 

only one product. Buyers can freely select the product quality from the offered 

quality range, and they have different valuations for this quality. Their utility 

function is U(q) = θq – P(q), where θ indexes the buyer’s taste for quality, and P(q) 

is the price for the quality q. With this specification, buyers with a high valuation 

are willing to pay more for a given increase in quality than buyers with a lower 

valuation. This condition enables segmentation of the market between buyers of 

different valuations.7 The seller knows the distribution of θ but cannot distinguish 

its value among individual buyers; the seller hence does not know how much each 

buyer is willing to pay for the product. The seller’s problem is to select the price–

quality schedule P(q) which maximizes its profits P(q) – C(q) over the buyers. All 

buyers must be charged the same price for a given quality, but not all buyers have 

to be served.  

Under perfect competition with several sellers, the price would equal the 

marginal cost at all quality levels, and the sellers’ profits would be zero. In a 

monopolistic market, if the seller assumes that buyers would purchase the same 

quality as they would under perfect competition and increases their prices so that 

buyers would not acquire any surplus (the first-best solution), then some buyers 

would select a lower quality. Even if they prefer a higher quality, they would settle 

for a lower quality, since they would then obtain at least some surplus. This 

substitution can be prevented either by reducing the price of the high-quality 

product and giving up some profits or by increasing the price of the low-quality 

product and making its original buyers substitute away from it. Therefore, the main 

challenge for the seller is to balance between how much profits to earn from each 

quality variety and how buyers substitute between the quality varieties given the 

entire price–quality schedule. 

The optimal price–quality schedule is difficult to solve for this model when a 

continuum of buyer types exists. Nevertheless, Mussa and Rosen (1978) describe 

some general characteristics of the optimal solution. These characteristics are 

useful because they carry over to other similar problems. First, only the buyers with 

the highest valuation of quality purchase the same quality as they would under 

perfect competition. All other buyers select a product with lower quality than they 

 
7 The condition 𝑞,𝜃 0,∀𝑞,𝜃 is generally known as the Spence-Mirrlees condition. 
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would under perfect competition (or in the first-best solution). This makes the 

equilibrium allocation inefficient. Second, to extract more surplus from the high-

valuation types, it may be optimal for the seller to price buyers with low valuation 

out of the market. Third, all buyers receive informational rents because they can 

mimic buyers with a lower valuation of quality. The informational rent increases 

with the valuation and is zero for the buyer with the lowest valuation. Fourth, it is 

sometimes optimal for the seller to bunch buyers of different valuations onto the 

same product. Then, buyers with slightly different valuations of quality find it 

optimal to buy the same quality. 

Maskin and Riley (1984) show that quality in the Mussa-Rosen model can also 

be interpreted as quantity. Here, the optimal schedule almost always has quantity 

discounts – the more products are purchased, the lower the unit price is. Maskin 

and Riley (1984) also describe how the roles of the seller and the buyers in the 

Mussa-Rosen model can be switched. Assume there are several producer-sellers 

and one buyer for some specific good. The sellers have different costs when 

producing goods. The utility function for seller i is U(q) = Ω(q) – 𝜃 q, where Ω(q) 

is the total payment when the buyer purchases q products, and 𝜃  is the unit cost of 

producing a good for seller i. The buyer’s return is M(q) – Ω(q), where M(q) is the 

value of the good for the buyer (M’(q) > 0 and M’’(q) > 0). Assuming that the buyer 

sets the price schedule Ω(q) – as in the case of procurement or in an employer–

employee relationship where employees sell their labour to the employer for a wage 

– this model is essentially equivalent to the Mussa-Rosen model. Maskin and Riley 

(1984) also demonstrate how in this type of Principal–Agent adverse selection 

model, the shape of the optimal schedule is sensitive to the distribution of the 

Agents’ private information. The optimal price–quantity schedule may also have 

kinks or discontinuities at some points. 

The models above can be applied to residential solar panel adoption as follows. 

Assume that if a household purchases a solar panel system, it receives utility U = 

θv(q) – P(q), where θ is the type of household; q is the amount of solar energy the 

household produces with the system (for example, in a year); v(q) is an increasing 

function with v’(q) > 0, v’’(q) < 0, which, together with θ, presents the value of 

solar energy for the household; and P(q) is the price the household pays for the 

solar panel system. Type θ, which is private information for the household, and 

function v(q) reflects, among other things, the household’s valuation of green 

energy, the revenue received from the sold electricity (without any subsidies), and 

the value of self-consumption. Note that each household has a maximum value of 

q, which depends on its local solar irradiation conditions, but this value can be 
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reduced (in extreme cases, for example, by covering some panels). The price of a 

solar panel system for a household is the retail price 𝑃 less the subsidies: P(q) = 𝑃 

– S(q), where S(q) is the government subsidy which may or may not depend on the 

generated energy q. The government obtains utility m from each unit of solar energy 

in society and aims to maximize mq – S(q). 

With this set-up, many of the results obtained in the analysis of Mussa and 

Rosen (1978) and Maskin and Riley (1984) hold. Thus, the optimal price schedule 

P(q) is likely a non-linear function where the price increases with q. This means 

that households in prime locations receive lower subsidies. This contrasts with how 

the most common solar panel subsidy policies work: with the investment subsidy, 

P(q) is constant, and with the feed-in tariff, P(q) decreases with q. In practice, a 

non-linear price schedule which increases with quantity q could be implemented 

with a feed-in tariff scheme where the rate varies with the amount of energy the 

household produces: the more energy the household produces, the lower the feed-

in tariff rate would be. Quantity discount (P(q)/q is decreasing) means that P(q) is 

concave, and the feed-in tariff rate would first decrease rapidly with q and then 

more slowly. Households reducing their production artificially is not desired; 

therefore, the price schedule should be designed so that it is not beneficial. This 

leads to informational rents for high types. The optimal price schedule may also 

include bunching the same price for several q values. An example of this would be 

setting an investment subsidy in medium production areas (a specific interval of q) 

and a feed-in tariff or another q-dependent policy in areas with the highest and 

lowest solar irradiation conditions. A situation could also arise where poor locations 

(low q) are intentionally left without any subsidies. In general, the literature shows 

that the optimal schedule is highly dependent on the distributions of household 

characteristics. To understand how different subsidy policies work, how they self-

select the installers, and how the least-cost policy depends on the distributions, 

some graphical illustrations for only a few different household types are presented 

in Appendix A of Study I. 

If the government finds self-consumed solar energy to be more favourable than 

the solar energy fed into the grid, then the theoretical model becomes quite 

complicated. Maskin and Riley (1984) consider a simple case where buyers select 

both a quality level for the product and the number of units purchased. In the solar 

panel application, the share of self-consumed energy could be interpreted as quality, 

and the total generated energy as quantity. However, it seems natural to have 

different valuations for the two types of solar energy. This leads to a model where 

household types consist of a vector of characteristics rather than a single value as 
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in the previous models. Laffont et al. (1985) demonstrate that this problem becomes 

technically difficult even if there are only two different characteristics. To solve the 

optimal schedule, some simplifications must typically be made (Armstrong and 

Rochet, 1999). In multidimensional cases, bunching generally seems to be common 

in the optimal schedule, and it is also common to leave low types out of the market 

(Armstrong and Rochet, 1996; Rochet-Choné, 1998).  

Another strand in contract theory literature, which can be applied to the solar 

panel adoption case, addresses asymmetric information problems in regulation and 

procurement.8 Baron and Myerson (1982) present a seminal paper on regulation 

when regulated firms’ cost structures are private information for the firms and not 

observed (or cannot be reliably verified) by the regulator. In their model, a 

monopolistic firm sells products. The regulator sets the price that the firm can 

charge for its products and also pays a lump-sum subsidy to the firm to cover part 

of its costs. In the first-best solution, the regulator would subsidize the firm with 

the amount that equals its fixed cost. In addition, the firm would be allowed to 

charge a price that equals its marginal cost of production. However, if the regulator 

announced this kind of policy, the firm would have an incentive to overstate its 

costs. Baron and Myerson (1982) show that a regulatory policy which consists of a 

lump-sum subsidy and the price for the product can be designed so that it is optimal 

for the firm to report its true costs. To prevent the firm from misreporting its costs, 

some rents must be provided for the firm, and the solution deviates from the first-

best solution. In the optimal regulatory policy, the price of the product increases 

with the firm’s cost. A low-cost firm can hence charge only a low price but is still 

allowed to earn more profits than a high-cost firm, and it is thus rewarded for 

reporting its true low cost. The profit of a firm with the highest possible cost is zero. 

The price of a solar panel system is approximately the same, at least within one 

country, but the yield of the system varies depending on its location. Residential 

solar panel installations can therefore be considered as solar energy producers 

which produce a unit of solar energy at different costs. Assume that the government 

promotes solar panel adoption with a lump-sum (investment) subsidy combined 

with a payment for each unit of produced solar energy (a feed-in tariff). Then, the 

analysis of Baron and Myerson (1978) shows that a schedule exists which maps 

each household’s cost (or the yield which is proportional to the cost) to a lump-sum 

 
8 Regulation and procurement problems under asymmetric information are technically similar to each 
other. The main difference often pertains to who benefits (the government or the consumers): in 
regulation problems, the government maximizes consumers’ utility, whereas in procurement problems, 
the government maximizes its own utility.  
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subsidy (or tax) and unit price pair for the generated solar energy, such that the 

household has an incentive to announce its cost truthfully. Due to informational 

rents, this schedule is more expensive for the government than the first-best 

solution, but less expensive than having the same investment subsidy together with 

the same feed-in tariff rate for all households independent of their yield. 

Laffont and Tirole (1986) extend the Baron-Myerson model by allowing firms 

to invest in cost reductions. The authors present several variations of their model, 

but their main results can be illustrated with a simple asymmetric information 

procurement problem. Assume that the government wants a privately owned 

monopolistic firm to accomplish a project. The firm has an intrinsic efficiency 

parameter β which affects its costs. A lower β means higher efficiency and a lower 

cost. The firm can reduce its cost further; however, this requires additional effort e, 

which is costly for the firm. The total cost of the firm is C = β – e. The cost (or 

disutility) of the exerted effort for the firm is Ψ(e), with Ψ'(e) > 0 and Ψ''(e) > 0. 

The firm knows its efficiency type before contracting with the government and 

chooses its effort level after the contract is signed.9 After the project is completed, 

the firm announces its cost C. The government does not observe the firm’s 

efficiency parameter or the effort level, but it knows the distribution of β. Based on 

the firm’s cost announcement, the government rewards the firm by paying it 

transfer t. The government aims at maximizing social welfare and minimizing 

payments to the firm, since there is a shadow cost when raising distortionary taxes, 

which makes raising taxes costlier than the corresponding increase in public 

spending. Laffont and Tirole (1986) show that the optimal scheme is of the form t 

= L + rC, where there are as many pairs of (L,r) in the offered menu of contracts 

as there are efficiency parameters β. Thus, each contract in the offered menu 

consists of a fixed lump-sum payment (L) and a cost reimbursement (rC with 0 < 

r < 1) in certain proportion. The two extremes are a full fixed-price contract (r = 

0) and a full cost reimbursement (L = 0, r = 1). An efficient firm (low β) would 

select a contract closer to a fixed-price contract, since it can use its cost advantage 

and earn higher profits when the price of the project is fixed. It would also select a 

high effort level. Less efficient firms would instead select a contract with a higher 

cost reimbursement rate. The fraction of realized cost that is reimbursed increases 

with the announced cost. The effort level is also lower for less efficient firms. 

 
9 This model seemingly combines an adverse selection problem with a moral hazard problem; however, 
as described in Maskin and Riley (1984), if the effort depends directly on the characteristics, then the 
problem reduces to a pure adverse selection problem. 
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Compared to the first-best solution, only the highest-efficiency type generally 

provides the first-best effort; all others provide less. Moreover, all others except the 

lowest-efficiency type obtain informational rents. This result is similar to the 

optimal solution for the taxation problem in Mirrlees’ (1971) study. There, the 

government extracts the most revenue from the type with the highest productivity, 

which is also the only one providing labour at the first-best level. The price for this 

is deviations from the first-best solution for the lower productivity types. The 

encyclopaedic book of Laffont and Tirole (1993) extend this model in several 

directions. 

The Laffont-Tirole model can be applied to solar panel adoption when the value 

of household self-consumption is accounted for. Households have different solar 

generation and electricity consumption profiles and therefore different intrinsic 

self-consumption rates. By investing in a battery, households can improve their 

self-consumption rate – some households more than others. If a unit of self-

consumed solar energy is the procured product in the Laffont-Tirole model, then a 

fixed-price contract corresponds to a self-consumption tariff, and a cost 

reimbursement contract relates to an investment subsidy. Laffont and Tirole’s (1986) 

analysis suggests that by offering households a menu of combinations of a quantity-

based self-consumption and a lump-sum subsidy, the government may save in costs 

when compared to offering only an investment subsidy or a self-consumption tariff 

alone, or a single combination of the two. Households which have a high self-

consumption rate would select a self-consumption tariff and benefit from their 

profile-based advantage. In addition, households which can greatly improve their 

self-consumption by installing a battery with their solar panel system have high 

incentives to do so. Households with a lower self-consumption rate would select 

the investment subsidy. However, this policy approach might not be efficient, since 

battery installations are easy to observe, and the subsidies can be connected directly 

to purchasing and installing a battery. Furthermore, the fact that a self-consumption 

tariff rate cannot exceed a feed-in tariff rate – otherwise households would have 

incentives to increase their total electricity consumption unnecessarily – mitigates 

the efficiency of a self-consumption tariff as a subsidy policy tool. 

The optimal menu of contracts in the style of Laffont-Tirole is not widely used 

in practice in regulation or procurement for two main reasons: not only is the 

optimal menu difficult to solve technically, but the regulated firms may also find it 

difficult to select the most suitable contract for them if there are too many options 

available. Fortunately, having numerous options in the menu is not always 

necessary. Rogerson (2003) shows that, at least in some cases, a substantial share 
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of the gains achieved with a fully optimal menu can be captured with a menu of 

only two contracts: a fixed-price contract and a cost-reimbursement contract. This 

menu of two contracts is much easier to solve than the full menu, and solving it 

requires less information from the agents. 

To summarize this brief review of contract theory literature from the 

perspective of solar panel adoption, the following conclusions can be drawn. First, 

building on different models presented in adverse selection literature, the solar 

panel and battery adoption problem can be formulated in several ways. However, 

the full solution would be technically difficult to attain for all of them. Second, 

distributions of household characteristics play a decisive role in the shaping of the 

optimal subsidy schedule. Third, the optimal subsidy schedule, which maps 

produced solar energy quantities (self-consumed or sold) to a monetary transfer, 

would most likely be non-linear with respect to these quantities. The optimal 

schedule may include bunching and pricing the least efficient household types out 

of the market, while the most efficient types would probably receive some rents, 

but cost savings could still be achieved from extracting their surplus. Fourth, the 

optimal schedule likely consists of lump-sum transfers combined with quantity-

based subsidies. Due to a large number of options, the full solution function is 

computationally challenging to solve numerically. The full optimal schedule could 

be simplified by offering fewer contracts, while the regulator still gains from the 

resulting separation of the market by different contracts.  

Study I in this dissertation attempts to shed some light on the question of 

whether more complex subsidy policies than those currently commonly used to 

promote solar panel adoption lead to any cost savings for the government, and if 

yes, what types of contracts could be the most efficient. After estimating an 

empirical adoption model using the available data, some policy experiments with 

more complex subsidy policies are made. Since combining lump-sum subsidies 

with quantity-based subsidies seems the most promising way to reduce total costs, 

these kinds of subsidies are analysed separately, in combination, and as options in 

menus of contracts. A full theoretical analysis and theoretical or empirical solving 

of the full optimal non-linear subsidy policy are intentionally left for future work. 

2.3 Modelling oligopolistic electricity markets 

Modern electricity markets consist of several sequential markets, which are 

distinguished by the time between trading and the physical electricity delivery. The 

highest volume is typically traded in the day-ahead market, which is usually a 
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multiunit auction that takes place one day before the delivery. When the day-ahead 

market closes, the intraday market opens, and market participants can adjust their 

commitments as the predictions of supply and demand become more precise. 

During the delivery hour, the balancing market is active, balancing-market offers 

are activated if needed, and the price there is also used as the basis for imbalance 

payments. Apart from organized electricity exchanges, there are over-the-counter 

(OTC) markets where bilateral trades between market participants are carried out. 

In addition, power derivative markets are used to hedge electricity prices for some 

future time period, and in some areas, capacity markets are used to ensure adequate 

production capacity. Interconnectors, which couple several electricity markets and 

restrict electricity flows between them, create an additional twist for the entire 

electricity system. Due to this complex structure, when modelling electricity 

markets, several simplifications are needed. The employed model must be selected 

and tailored based on the particular features of the examined topic. 

Apart from the sequential structure, another feature which is common for many 

electricity markets is that they are often oligopolies where few large firms set the 

price, and smaller firms are followers taking the price as given. Therefore, firms’ 

strategic behaviour and potential abuse of market power frequently raise concerns 

when electricity market rules and regulations are designed. Inelastic demand for 

electricity, limited transmission capacity of power lines, and the high price of 

storing electricity on a large scale emphasize the market power problem; on some 

occasions, subtle changes in supply can greatly impact the price. Several empirical 

studies have found evidence that market power can be responsible for significant 

price mark-ups in the market (for example, Green and Newbery, 1992; Wolfram, 

1999; Sweeting, 2007, on Great Britain and Borenstein et al., 2002; Joskow and 

Kahn, 2002; Mansur, 2008, on U.S. markets). Therefore, imperfect competition and 

strategic behaviour must be considered when modelling electricity markets at a firm 

level. 

In industrial economics, the Cournot model is a standard tool for modelling 

oligopolistic competition. In the Cournot game, firms produce homogenous goods 

which they sell in the market, and their strategic variable is the quantity of the goods 

they produce. Firms select these quantities simultaneously and independently, 

produce the goods, and then take them to the market. The market clearing price 

comes from consumers’ inverse demand curve such that the total supply equals the 

demand. The equilibrium is a Nash equilibrium where none of the firms wants to 

change its production quantity alone. Depending on the number of incumbent firms, 

the Cournot model results in prices ranging from the monopoly price to the price 
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under a perfectly competitive market structure wherein the price equals the 

marginal cost of the last producer. The fewer firms there are in the market, the 

higher the price is. When the number of incumbent firms increases, the Cournot 

equilibrium price approaches the price which would result from perfect competition. 

An argument against the explanatory power of the Cournot model is that it is 

not particularly realistic. In most industries, it is more common for firms to select 

the price for their products and take the exchanged quantity from the market than 

the other way round. While firms’ selection of the price is often true in the short 

term, it is not necessarily so in the longer term. Kreps and Scheinkman (1983) show 

that in a two-period game where firms in the first stage select their production 

capacity and then in the second stage compete with prices, the model outcome is 

Cournot quantities and prices. This dynamic interpretation of the Cournot model 

partly explains why it actually fits well with the empirical data in many industries. 

In general, the larger the capacity investments are within the industry and the 

costlier the output adjustments are, the better the Cournot model usually fits when 

compared to price competition models. Excluding small-scale renewables, 

electricity generation is an example of a capital-intensive industry where 

investments are large and the commissioning of new power plants may take a long 

time. Moreover, the electricity market is perhaps one of the few markets where 

firms setting the quantity rather than the price is quite realistic. For example, for 

baseload power plants, generating electricity at their full capacity level is usually 

economic, and the electricity is then sold at the market price, which tends to exceed 

the marginal costs. Thus, the Cournot model seems to be an ideal candidate for 

modelling oligopolistic electricity markets. 

However, if a simple Cournot model is fit for electricity spot market10 data, the 

model usually yields higher prices than what is observed. One explanation for this 

is that not all electricity is sold in the spot market. Allaz and Vila (1993) show that 

if firms sell part of their electricity forward with a fixed price, they have less 

incentives to raise prices in the spot market, and the Cournot competition in the 

spot market consequently results in more competitive prices. In this sense, hedging 

part of production from short-term price variations with financially settled 

electricity price derivatives is equivalent to selling electricity forward. Both are 

 
10 Since most electricity is traded in the day-ahead auction, the term “spot market” is commonly used to 
refer to the day-ahead auction, even if trading takes place one day before the delivery. The subsequent 
within-day market (intraday market) is typically used to make only small adjustments to the energy 
balance when more accurate information about production and consumption becomes available after the 
day-ahead auction has cleared. 
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common among electricity producers. Bushnell et al. (2008) demonstrate that 

vertical arrangements between electricity producers and retailers have a similar 

impact. Electricity retail prices are typically fixed for a longer time, and this 

commitment significantly affects vertically integrated firms’ incentives in the spot 

market. The more vertical arrangements firms have, the more competitive the prices 

in the spot market are. 

The advantages of applying the Cournot framework to electricity markets are 

that it is computationally relatively simple to solve, even for many strategic firms, 

and that it predicts the higher price mark-ups (over the marginal cost) for firms, the 

fewer firms there are in the market. This is also observed in reality. One of the main 

challenges is that the Cournot framework must be calibrated for a specific market 

with data which is strategic for the firms’ forward and financial contracts and 

vertical commitments. This kind of data is rarely publicly available. Moreover, it is 

common to assume that only the largest firms behave strategically in the market 

and participate in the Cournot game, while smaller firms are fully competitive. 

Competitive firms always bid their true marginal costs and take the market price as 

given; they do not make any strategic decisions. Selecting firms which behave 

strategically in a specific market and those which are included in the competitive 

fringe is often not apparent. Moreover, since in the Cournot game, each firm selects 

only a single quantity, firms’ selections are not tractable to what firms in the 

electricity spot market truly have as their strategic variable, which is a set of price–

quantity pairs (a step function). 

In addition to the Cournot framework, another frequently used approach for 

modelling electricity markets is based on the supply function equilibrium (SFE) 

concept first introduced by Klemperer and Meyer (1989). The SFE model seems 

particularly attractive for the electricity market because firms therein select 

simultaneously non-decreasing supply functions which are then matched with the 

market demand in a uniform price auction. The SFE is a non-cooperative Nash 

equilibrium. Compared to the Cournot model, the strategic choice in the SFE 

method is apparently closer to the electricity producers’ real-world bids in the spot 

market. However, the main weakness of the SFE method is the multiplicity of 

equilibria. Klemperer and Meyer (1989) show that in the absence of exogenous 

uncertainty in demand, the SFE model has multiple equilibria which range from 

the Cournot solution to the perfect competition equilibrium – the same range as 

when adjusting forward contracting in the Cournot model. Assuming that an 

oligopoly faces uncertain demand reduces the set of equilibria. 
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In an influential article, Green and Newbery (1992) fit the SFE model to the 

British electricity market and present the results for two cases: for a symmetric 

duopoly and for a symmetric quintopoly. They assume smooth (i.e., continuously 

differentiable) supply curves and allow potential entry. Newbery (1998) extends 

the model with forward contracts, and many other authors have followed this line 

of research by developing methods to single out a unique equilibrium and applying 

the SFE model in different markets and contexts. In addition to the multiplicity of 

equilibria, another challenge with the SFE method is the complexity of solving the 

equilibrium when there are several different (asymmetric) strategic firms. Both 

aforementioned challenges are often addressed by simplifying assumptions 

regarding, for example, the functional forms of the cost, demand, and supply curves. 

Capacity constraints and price caps – both usually present in electricity markets – 

have also been shown to mitigate the multiplicity problem (Holmberg, 2008; Genc 

and Reynolds, 2011). Assuming symmetric (by capacity and cost) firms makes the 

mathematics substantially simpler. 

Modelling the electricity market directly as it is, a sealed-bid multiunit auction 

is also a feasible option. Von der Fehr and Harbord (1993) present a model wherein, 

instead of a smooth supply function, firms bid a set of price–quantity pairs, a step 

function, for the multiunit auction. The authors show that under many 

circumstances, pure-strategy Nash equilibria do not exist in that kind of model. Still, 

they are able to demonstrate that this modelling choice also leads to price mark-ups 

and inefficiencies in the market, as the SFE method does in Green and Newbery’s 

(1992) study. They compare the model outcomes to the empirical data from the 

British electricity market and confirm the findings by Green and Newbery (1992) 

that, due to the market structure and design, prices over marginal costs were likely 

in the British electricity market at that time. Fabra et al. (2006) extend the analysis 

of von der Fehr and Harbord (1993) from duopoly to oligopoly and from inelastic 

demand to downward-sloping demand. They also consider uncertain demand. 

Apart from the existence of (pure-strategy) equilibria, the multiplicity of 

equilibria is also common in multiunit auction models. In addition, the large 

strategy space of the firms in a multiunit auction often makes the computation 

infeasible. For example, in a Nord Pool day-ahead auction, a single trader’s bid can 

contain up to 200 price–quantity pairs for each hour. The price steps can range from 

-500 EUR/MWh to 3,000 EUR/MWh at a 0.1-EUR resolution. Furthermore, the 

capacity can be offered at a 0.1-MWh resolution, and the capacity steps do not need 

to follow the generating units’ capacities. The complete set of different bids which 

a firm can submit for a day-ahead auction is hence enormous. One way in which to 
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restrict the strategy space is to assume that the capacity steps in the bid follow the 

generating units’ capacities owned by the firm, and the order of price steps stays 

the same; for instance, nuclear units always have the lowest prices, and gas units 

always have the highest prices even if the price levels vary. Sweeting (2007) takes 

the firms’ actual bids and multiplies the prices with a specific constant when testing 

different strategies. In this way, the firms’ strategic variable is reduced to a single 

number. However, using less restrictive assumptions for the bids is still feasible if 

only unilateral behaviour is analysed. For example, Wolak (2000) presents a model 

based on the best-response bids of firms given other firms’ bids. In an empirical 

application, he examines whether a single firm’s bids are ex-post optimal by finding 

the best-response for a firm assuming that other firms’ strategies remain the same 

and do not respond to changes in a single firm’s bid. 

In the short term, on an hourly resolution and less, power plant units face 

several dynamic costs and constraints. These include, for instance, minimum load, 

start-up and shutdown time and cost, maximum ramping rate and cost, and 

minimum run and down times. Finding the least-cost dispatch schedule for the 

generating units given the demand, which the entire generating fleet has to meet in 

the coming time periods, is called a unit commitment problem. This becomes a 

more complex problem, the more units and time periods are accounted for, and the 

more constraints are included in the model. Several methods to solve the problem 

have been proposed in optimization theory, ranging from Lagrangian relaxation and 

dynamic programming to genetic algorithms and simulated annealing. Several 

articles review and compare the advantages and weaknesses of different methods 

to solve the unit commitment problem. Abdou and Tkiouat (2018) present a 

particularly extensive example of these kinds of comparisons. 

In economic applications, perhaps the most common method is to formulate 

the unit commitment problem as a mixed-integer linear programming (MILP) 

problem and to use standard tools (for example, CPLEX library by IBM) and 

algorithms (such as branch-and-cut) to solve it. In MILP, the objective function and 

the constraints are linear. Both integer variables (for example, 0 or 1 to denote 

whether a particular unit is running or not, and another binary variable to denote 

start-up and shutdown) and real variables (for example, the amount of energy each 

unit generates) are solved – hence, the name “mixed integer”. Due to the 

complexity of the problem, it is typical that such a dispatch schedule is solved 

which simply minimizes costs. Therefore, strategic behaviour, aimed at 

maximizing a firm’s profits, is rarely incorporated into the unit commitment 

problem, although it could be profitable for a firm to deviate from the least-cost 
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schedule to, for instance, force competitors to shut down their units for a while in 

a low-demand period. Another challenge when applying the unit commitment 

model to the electricity markets is solving the market clearing prices from the 

model. The marginal pricing rule cannot be directly applied here, since at some 

time periods, it may be optimal for a unit to generate electricity even if the market 

price is lower than its marginal cost. This depends on future demands. O’Neill et 

al. (2005) present a method for how prices can be solved from shadow prices in a 

mixed-integer programming problem. Due to these challenges, dynamic costs and 

constraints are often omitted in high-level electricity market models, but Mansur 

(2008) shows that these costs and constraints can explain a significant share of the 

price mark-ups – the difference between market price and marginal cost, which is 

often attributed to market power. 

If interdependence between two sequential markets is examined, any of the 

aforementioned electricity market models can be combined by nesting one into 

another. Allaz and Vila (1993) provide an example where interactions in one market 

have an impact on another. They have a forward contract market in the first stage, 

and in the second stage, firms compete in a Cournot game which represents the spot 

market. In a similar vein, Ito and Reguant (2016) nest a real-time (balancing) 

market inside a day-ahead market, forming a dynamic Cournot game. In the first 

stage, each firm selects the quantity sold in the day-ahead market. This choice 

affects the firm’s position in the last stage (real-time market) wherein strategic 

firms play a capacity-constraint Cournot game given the commitments from the 

first stage. In the Cournot-Nash equilibrium, each firm selects the best-response 

strategy in the first stage, maximizing the joint profits from both of the two stages. 

Schwenen (2014) analyses strategic behaviour and price formation in a capacity 

market followed by an energy market using a two-stage duopoly model based on 

multiunit auction bids in the style of von der Fehr and Harbord (1993). In the first 

stage, the two firms set bids for the offered capacity, and in the second stage, they 

bid in the energy market subject to the capacity constraints resulting from the 

auction in the first stage. 

In the long term, there are also several dynamic behaviours in the electricity 

market. Incumbent firms may invest in new power plants and divest some existing 

units. Moreover, new firms may enter the market, and incumbent firms may either 

leave it entirely or merge. Changing fuel prices may also drive firms to alter their 

power plant portfolios. 

In static entry models, firms see only the following time period. These models 

are often presented as two-period games wherein firms enter and exit the industry 



46 

in the first time period and compete and receive profits in the second period. 

Bresnahan and Reiss (1991) present a seminal article regarding static entry models 

for oligopolistic markets. The main idea in their model is that new firms enter the 

market as long as all incumbent firms earn positive profits. Incumbent firms play a 

Cournot game in the market such that as the competition in the market increases, 

firms’ price-cost margins decrease, and a larger consumer base per firm is needed 

to support all incumbent firms. Entry models typically exhibit multiple equilibria. 

For example, if a market supports only five firms, and the sixth firm would make 

losses in the market, then the equilibria would include all combinations of five 

firms among incumbent firms and potential entrants. A common way in which to 

resolve the multiplicity problem is to assume sequential moves. For example, it can 

be assumed that the largest firm or the firm which would earn the highest profits 

moves first. Bresnahan and Reiss (1991) avoid this problem by using only the 

number of firms in the market, not their identity. Combining this with market size, 

they are able to estimate competition effects from entry in several industries 

without any cost data. Several authors build on Bresnahan and Reiss’ (1991) 

approach, extending it further. For example, Mazzeo (2002) allows for firms to 

differentiate by entering the market with different product types (one out of two or 

three). Another important contribution in this strand is by Seim (2006), who 

assumes that firms have private information about idiosyncratic factors which 

affect their profitability when entering the market (for example, costs, managerial 

talent, customer service, etc.). She shows that, under some conditions, this type of 

asymmetric information leads to a unique equilibrium. This assumption also 

reduces the burden of computing equilibrium strategies. A similar approach is 

widely adopted in many dynamic game models where computational issues are 

more critical. 

In dynamic entry models, firms look further in the future than just the next time 

period. The main framework in the literature which analyses oligopolistic industry 

dynamics on a firm-level is provided by Ericson and Pakes (1995). They allow the 

heterogeneity of firms regarding, for example, their entry costs or marginal costs 

of production, investment outcomes, or product qualities. Firms can enter and exit 

the industry, and incumbent firms can invest in the new capacity. Furthermore, 

firms’ profits from the market in each time period result from a static market model 

such as a static Cournot competition, and firms maximize the present value of their 

future expected profits based on their expectations of how the industry evolves and 

how other firms behave. At a Markov perfect equilibrium, these expectations are 

rational – when all firms act optimally given their expectations, the expectations 
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are consistent with future outcomes in the market which result from firms’ actions. 

Estimating a dynamic game model based on the framework presented in Ericson 

and Pakes (1995) is generally computationally challenging, particularly if there are 

many firms. Ericson and Pakes (1995) originally suggested utilizing the 

computational algorithm presented by Pakes and McGuire (1994) to solve the 

equilibria of the model. If the equilibria are calculated for some given model 

parameters, standard econometric techniques can then be used to find such 

parameters which make the model predictions match closest to the observed data. 

However, the equilibria must then be solved numerous times, while solving it once 

is already computationally burdensome. Later literature has addressed the 

computational issues and proposed computationally less intensive methods to 

estimate the Ericson-Pakes model, potentially imposing some restrictive 

assumptions. A current standard method is to apply a two-step estimator where the 

model parameters are estimated in two stages without computing the equilibria at 

all. Popular estimators of this kind are presented by Bajari et al. (2007), Pakes et al. 

(2007), and Aguirregabiria and Mira (2007). Empirical applications building on the 

Ericson-Pakes framework have been carried out by Ryan (2006), who estimates the 

cost structure in the Portland cement industry using a two-step estimator; Collard-

Wexler (2013), who analyses the impact of governmental demand smoothing on 

the market structure of the ready-mix concrete industry; and Benkard (2004), who 

examines the commercial aircraft industry from several angles. However, for 

electricity markets, the literature is thin on Ericson-Pakes-style dynamic investment 

game models which, at a firm level, allow for multiple firms and technologies, 

account for strategic behaviour, have an infinite time horizon, are internally 

consistent regarding firms’ expected and actual behaviour, exhibit endogenous 

pricing, and are taken to empirical data. 

In Study II of this dissertation, conventional power plants’ flexibility is 

examined. The power plant flexibility manifests itself in the plant’s dynamic costs 

and constraints; therefore, in the analysis, a model based on the unit commitment 

problem is used. The total costs are minimized, and the model hence ignores any 

potential strategic behaviour in the market. Instead, in Study III, the main focus is 

on strategic behaviour and on the interactions between a capacity market and an 

energy market. A Cournot model with seven strategic firms and a competitive fringe 

is employed for the energy market, and a multiunit auction approach is used for the 

capacity market. Only unilateral market power in the capacity market is analysed, 

so the multiunit auction model is still feasible. Moreover, industry entry and exit 

are allowed. Since a full dynamic game is computationally challenging and not the 
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main focus of this study, the generating units’ entry and exit choices are simplified 

by assuming that firms are myopic and that the unit with the largest profit or the 

largest loss always moves first. This assumption solves the potential multiple 

equilibria and accounts for the market power, since the losses or the profits of the 

unit depend on the total generation portfolio of the owner, its capacity payments in 

the capacity market, and the outcome of the Cournot game in the electricity market. 
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3 Summary of original studies 

3.1 Study I: Does combining subsidy policy instruments save 

costs in residential solar panel and battery adoption? Or is less 

more? 

In this study, a discrete choice demand model for residential solar panel and battery 

adoption is first specified, where each household has three options: buy a plain 

solar panel system without a battery, buy it with a battery, or stay in the market 

without buying anything. The model parameters are estimated using data from 

Germany in 2000–2018. Then, some policy experiments are conducted with 

different types of subsidy policy schemes. Four common subsidy policy 

instruments are considered: two capacity-based price subsidies (investment 

subsidies for a solar panel system and a battery separately) and two performance-

based tariffs (a feed-in tariff and a generation tariff). These instruments are analysed 

both individually and as combinations. The policy combinations can be menus of 

exclusive alternatives from which the households can select the most suitable 

scheme, or combinations where two subsidy policies are simultaneously available 

at the same time. The government cost of each policy scheme and the achieved 

adoption level are examined, and the resulting self-consumption rate of solar 

energy is acknowledged in the results. 

The results reveal that if a single policy instrument is used, the feed-in tariff is 

the most cost-efficient, but its disadvantage is the consequential poor self-

consumption rate. The main finding of the study is that if the feed-in tariff is 

combined with an investment subsidy for batteries, the same solar energy can be 

achieved with a lower cost than with the feed-in tariff alone. In addition, the self-

consumption rate is considerably better. Menus of subsidy schemes are also found 

to be slightly better than the combinations of the corresponding policies except 

when the investment subsidy for the battery is one of the policies – in this case, the 

combination is better than the menu of policies. 

The clear policy recommendation from the findings of the study is that in solar 

panel adoption, combining a feed-in tariff for the generated energy with an 

investment subsidy for a battery is beneficial. Although the analysis has been made 

with German data on a particular price development schedule, this main policy 

suggestion is likely still valid for other countries where the adoption may be in a 

different phase; however, all results in the study do not carry over to other countries 
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as such. The results generally suggest that for other new technology products 

subject to government subsidies (for example, electric vehicles), combining 

different subsidy policy instruments might also be cost-efficient if they are 

carefully selected. The combined policy instruments must typically address 

different uncorrelated characteristics of the adopters, but this still does not 

guarantee cost-efficiency. The analysis also quantitatively proves that the approach 

based on asymmetric information and contract theory literature can be fruitful when 

designing governmental subsidy schemes, even if the selected policies are still kept 

relatively simple. However, this study is not a comprehensive analysis of the 

application of adverse selection theory and results from the literature to the solar 

panel adoption problem; it is rather a first step forward, providing some insights 

into the types of policy combinations or menus of policies that could be the most 

promising in this particular application. A next step could be to examine some 

specific combinations or menus of policies in more detail by specifying a 

theoretical model and thoroughly analysing the policies theoretically first, before 

taking the model to data. 

3.2 Study II: The value of the nuclear power plant fleet in the 

German power market under the expansion of fluctuating 

renewables 

This study addresses the trade-off between the relatively poor flexibility of nuclear 

power plants and their low marginal cost for generating electricity when the share 

of fluctuating renewables grows. The German power market is modelled with a unit 

commitment model which imitates the German power plant fleet in 2017. The 

model incorporates eight nuclear power plant units and 137 other conventional 

power plant units. The cost-minimizing dispatch schedule for all these units is 

solved varying the residual demand which they have to meet. A balancing market 

is included in the model, assuming that firms’ bids there are based on their 

opportunity costs in the electricity market. Focusing on three cost components, 

namely, start-up costs, balancing costs, and generation costs, the way in which they 

evolve is investigated in terms of the following: with and without nuclear units, 

when the share of renewables in the German power market grows, and given the 

fluctuations in the residual demand increase. 

Consistent with the earlier literature, it is found that start-up costs for nuclear 

units are increasing but will still be negligible if the solar and wind power 

penetration level increases in Germany as planned by 2025 (50% from the 2017 
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level). Instead, total balancing costs in the market increase much more rapidly. This 

is because more frequent negative prices make spinning reserve costly, particularly 

when the minimum load of balancing power providers is large. Increasing 

balancing costs is the main channel through which baseload inflexibility manifests 

itself in end-user costs, but the low generation costs of nuclear power plants still 

outweigh their adverse impact on balancing costs if the share of solar and wind 

power in electricity generation is not substantial. In the German case, the analysis 

shows that solar and wind power capacity can almost double from the 2017 level 

before it is economic to abandon nuclear power entirely. 

The main takeaway from this study is that relatively inflexible nuclear power 

plants can co-exist with quite large amounts of intermittent and widely fluctuating 

solar and wind power. By increasing the security of supply, nuclear power plants 

can play an essential role in carbon-free electricity generation. Another important 

takeaway in this study is that even if negative prices stemming from baseload 

inflexibility can be beneficial for electricity end users, low and persistent negative 

prices can increase balancing costs considerably. One solution to this problem 

could be to include solar and wind power plants in balancing reserves. Moreover, 

there should be incentives to develop technologies which increase nuclear power 

plants’ flexibility. Overall, the analysis demonstrates that it is important to consider 

the interaction between the balancing market and the electricity market when 

integrating large amounts of solar and wind power into the electricity market if 

baseload power providers are inflexible.  

3.3 Study III: Strategic behaviour in a capacity market? The new 

Irish electricity market design 

This study analyses strategic behaviour in a capacity market using an application 

to the Irish markets. First, a model which allows for strategic behaviour both in the 

electricity market and the capacity market is developed, taking into accounting the 

industry dynamics (firm entry and exit). The model combines a multiunit auction 

for the capacity market with a Cournot model for the electricity market. The 

Cournot model has seven strategic firms and a competitive fringe. In industry 

dynamics, multiple equilibria are avoided by assuming sequential moves so that the 

unit with the highest profit (loss) enters (exits) first. The model is then fitted to the 

Irish context, particularly for the recently (in 2018) introduced capacity market 

based on reliability options. In a capacity market, only multilateral market power 

is analysed. Thus, only the largest firm can bid strategically, while other firms 
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behave fully competitively (merely aiming to cover their costs). Different strategies 

for the dominant firm are tested by simulations, and the profit-maximizing 

strategies are identified varying the amount of procured capacity, the number of 

potential entrants, and the degree of competition in the electricity market. 

When compared to the competitive benchmark where all firms behave 

competitively, the analysis shows that if the dominant firm in Ireland can behave 

strategically, then the procurement costs in the capacity market can be 40%–100% 

higher. This translates to 10%–25% higher costs for electricity end users across the 

electricity market and the capacity market together. The profit-maximizing strategy 

for the dominant firm depends mostly on the procured capacity, but it would usually 

gain the most by exercising capacity withholding. If the procured capacity is 

relatively small, then predatory pricing aimed at driving competitors out of the 

market becomes a more profitable strategic behaviour. Furthermore, new entry 

mitigates market power; however, depending on the type of potential entrants, it 

may still leave room for substantial price mark-ups in the capacity market. The 

competitiveness of the electricity market also affects the potential for the exercise 

of market power in the capacity market, but the connection is not straightforward. 

Rather, the possibilities for abusing market power in the capacity market are the 

sum of several factors. 

The results suggest that policymakers’ concerns about the potential for the 

exercise of market power in capacity markets are well-founded. Still, the abuse of 

market power is difficult to prevent without adding more regulation in the market. 

For example, one way in which to mitigate market power in the capacity market is 

to set a bid cap, although the regulator would then effectively set the clearing price, 

which is the opposite of what is pursued with a market mechanism. A key takeaway 

of this study is that when designing market rules for a capacity market, it is 

important to consider the market structure and analyse both the electricity market 

and the capacity market together, as they are highly interconnected. This study 

contributes to the literature by providing an example of how this can be done. 
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