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Abstract

Like many countries around the world, Sweden is experiencing an exponential growth in PV installations, 
driven largely by building mounted systems. As prosumers become significant actors in the electricity 
market, questions about how to integrate them technically, economically, and politically are becoming more 
critical. A recently concluded, three-year research effort dedicated to the techno-economic analysis of PV 
prosumers has identified some of the major challenges for multi-family housing owners in designing PV 
systems in light of uncertainty in the market and policies. This paper highlights the primary results and 
conclusions from the project, including; PV system sizing, strategies for electricity metering to maximize 
revenues, a Monte Carlo analysis to understand market and policy risks, and several case studies. The overall 
conclusion is that PV installations can be a profitable investment in Swedish multi-family houses, however it 
is important to have a roof with good solar resources, a well designed and installed system, and to capture as 
many available economic support programs as possible. While primarily focused on multi-family houses, 
much of this work can be used as a practical guide for many Swedish prosumers towards developing 
practical systems integration solutions and increasing renewable energy usage in buildings.
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1. Introduction

The continued reduction in the cost of solar photovoltaics (PV) is making it increasingly easier for building 
owners to turn their properties into small scale, renewable energy power plants. These new actors in the 
energy system are transitioning from being solely consumers to both consumers and producers, often called 
prosumers. As subsidies continue to be reduced in parallel with reduced costs, prosumers will increasingly be 
subject to market conditions which will likely come with increased risk, particularly in the deregulated 
markets commonly found in Europe.

The PV market in Sweden is often overlooked given its small size, however the trend has been towards 
exponential growth (Lindahl, 2015). Solar PV is only 0.1% of total electricity generation, but it is popular 
with the public and if trends continue could significantly influence the power system, particularly in 
buildings. The low cost of electricity but high consumption and VAT taxes make prosumers the most 
economically interesting installation point under the current market structure.

From the prosumer’s perspective, there is considerable uncertainty both inherent in the deregulated 
electricity market, as well as the rapidly changing policies. When considering a PV investment, there are 
several economically related questions which can come to mind:

What size should the PV system be?
What is the chance I will make a profit on my investment?
How have others done it?
Are there any special considerations with regards to the building?
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There are many concerns around designing and building a PV system, and it is important to prepare and 
execute in the best possible way to boost the chances of profitability. For example, sufficient pre-studies to 
ensure good solar resources, keeping costs down, and capitalizing on available subsidies. Multi-family 
houses (MFH) can be particularly challenging due to the coordination of tens if not hundreds of actors
(Muyingo, 2015). A recently concluded, three-year study has examined PV opportunities and risks for 
Swedish MFH prosumers in detail (Sommerfeldt et al., 2016). This paper is a summary of the primary results 
and conclusions, and covers issues regarding system sizing and electricity metering with regards to self-
consumption, market and policy risks, and case studies from some first movers in this emerging market.

2. Background

Multi-family housing makes up 51% of all households in Sweden, of which 41% are resident-owned 
cooperatives and 59% are corporate owned and rented to tenants (Statsitics Sweden, 2013). Building 
electricity usage can be split into two categories; communal and private. Communal electricity consists of 
HVAC, exterior and stairwell lighting, garages, and laundry rooms. Private electricity is that which is used 
inside of apartments. Under the European Commission’s energy efficiency directive (2012/27/EU), all 
apartments must have individual electricity meters, however billing methods can vary. Some MFH will own 
the apartment meters and include electricity usage with other utilities in a monthly fee, while others will 
allow the apartments to have electricity contracts directly with utilities and thus have their own meter. The 
aggregating of meters has the advantage of only one connection point with the utility that covers the entire 
load of the building, thus making the MFH one large customer which can save on fixed network connection 
fees. Independent metering gives apartment owners the freedom to select their own electricity supplier and 
contract to fit their needs.

Electricity supply in Sweden is dominated by hydro and nuclear power, with wind and biomass fueled co-
generation plants making up the majority of the balance (Swedish Energy Agency, 2015). Demand peaks 
during the winter months due to a high fraction of electric heating. The wholesale and retail electricity 
markets are both deregulated. Most electricity is traded on the wholesale market, Nord Pool Spot, where it is 
purchased by retailers and delivered to end users. A variety of economic pressures have been placed on the 
nuclear industry, both in the market and by the government, which is likely to lead to the premature closure 
of several reactors (World Nuclear Association, 2015). Renewable energy development is primarily 
supported through a technology neutral quota system, where demand is set by the government and prices for 
green certificates are set by the market based on supply. This program has largely benefited the wind and 
biomass industries (Swedish Energy Agency, 2015).

The Swedish solar market is relatively small compare to many others in Europe. In 2015, 47 MWp were 
installed resulting in a cumulative total of 127 MWp. Fig. 1a shows how the market has expanded rapidly in 
recent years, which is correlated with the rapid decline in costs (shown in Fig. 1b) and favorable financial 
support from the government. Solar PV systems can qualify for a 20-30% capital rebate (depending on the 
owner), earn green certificates to sell on the quota market, and earn a 0.06 €/kWh feed-in bonus on over-
production sold to the network. The future of the feed-in bonus is highly uncertain, placing emphasis on self-
consumption as a way to maximize revenues. A PV system in Sweden facing south with little shading can 
usually expect to produce 900-1000 kWh/kWp.

Fig. 1. Cumulative installations (left, a) and installed cost (right, b) for PV in Sweden (Lindahl, 2016)
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3. System Sizing

Sizing a PV system for maximum economic benefits is difficult to generalize across buildings. Differences in 
building load profile, system orientation, or personal economic factors can all play a role in sizing 
optimization. To demonstrate this, two buildings with the same annual load but significantly different load 
profiles are presented with a sizing sensitivity analysis. Measured building load data is used and compared to 
modeled PV production values from System Advisor Model (Blair et al., 2014) using TMY2 climate data
from Gothenburg, Sweden. The PV systems are set facing south with a 30° tilt and no shading, resulting in 
an annual production of 970 kWh/kWp. The loads for each building are given in Tab. 1. with the key 
difference being that building one has a laundry rooms while two does not. The system sizes are increased in 
1 kWp increments until reaching 100% load coverage. Net present value (NPV) is used as the key 
performance indicator and is reported as a function of self-consumption, demand coverage, and system size.

Tab. 1: Building parameters for sensitivity analysis

Building Laundry Annual Demand Maximum Size

1 Yes 27,490 28 kWp

2 No 27,974 29 kWp

The results are shown in Tab. 2 and Fig. 2 using three discount rates, where it can be seen that the
discounting has a significant effect on optimal sizing of the PV systems. For example, the optimal size for 
building 1 moves from 11 kWp to 17 kWp to 28 kWp with a change from 3% to 1.5% to 0% discounting,
respectively. The wide range signifies the difficulty in generalizing rules for all owners. Even if those owners 
have nearly identical buildings, they could have different discounting preferences.

Comparing the two buildings, it is clear the optimal system sizes and corresponding demand coverage varies 
considerably between them. This highlights the difficulty of recommending a rule of thumb for all buildings 
based on a single load value, even if those buildings are of the same type like a MFH. The optimal self-
consumption values are much more consistent however, which is logical since self-consumption rates scale 
with system size and directly affect revenues whereas demand coverage is only a sizing indicator. The curves 
in Fig. 2 are notably flat, with optimal size ranges being approximately ±50% of the peak to remain within 
5% of the maximum NPV. However, the ranges between the two buildings do not overlap.

Tab. 2. Optimal PV system sizing results comparing a MFH with and without laundry rooms

Building Discount 
Rate

Optimal 
System Size

Demand 
Coverage

Self-
Consumption

Size Range Within 
5% of NPV Max.

1 3.0% 11 kWp 39% 75% 8.5 - 14 kWp

1 1.5% 17 kWp 60% 59% 12 - 23.5 kWp

1 0% 28 kWp 99% 42% 19 - 28 kWp

2 3.0% 3 kWp 10% 75% 2 - 4 kWp

2 1.5% 4 kWp 14% 64% 3 - 6 kWp

2 0% 8 kWp 28% 39% 5 - 13 kWp

While it is difficult to extract a hard rule of thumb, some broad guidelines can be suggested for early stage 
design. In MFH with laundry rooms, the PV system can be sized such that annual production is between 30-
50% of the annual demand, which will often correlate with 60-80% self-consumption. In buildings without 
laundry, a 15-35% ratio can be sought for similar self-consumption rates, however more care must be taken 
not to oversize since NPV declines more rapidly with increases in system size. In summary, before any final 
system decisions it is important to review hourly demand and production profiles to estimate self-
consumption. It may also be the case that the investors are more focused on goals other than economic 
optimization. For example, in a case where an owner wishes to maximize their solar production, they could 
choose to cover 70-80% of their demand and still have a positive NPV, even if it is not the maximum value.
More detailed analysis can be found in the project’s final report (Sommerfeldt et al., 2016).
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Fig. 2: PV system sizing sensitivity results for two buildings with similar demand but different load profiles

4. Electricity Metering

As mentioned in the background, MFH have options for how their building and apartments are metered by 
electric utilities; aggregated or independent. The metering configuration determines load volumes and 
profiles, which was shown in the previous section to impact PV system sizing and profitability due to 
changes in self-consumption. The effect of metering is tested for a six building housing cooperative 
considering four configurations, which are visualized in Fig. 3 and described as followed:

Default: each building is metered separately and includes only communal loads

Horizontal: all buildings are metered together and includes only communal loads

Vertical: each building is metered separately and includes communal and apartment loads

Combined: all buildings and all loads are combined into a single load
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Fig. 3. Diagram of the tested metering configurations (Sommerfeldt, 2015)

Two years of measured communal load data is averaged together to create a single load curve for each of six 
buildings. Apartment loads are created using a Markov chain model developed by Widén and Wäckelgård 
(2010). Total communal and apartment demand is 264 MWh-yr-1 and 705 MWH-yr-1, respectively. Solar 
production is modeled using System Advisor Model (Blair et al., 2014) with TMY2 climate data from 
Gothenburg, Sweden for a PV system facing due south with a 30° tilt. The buildings have identical 16 kWp

systems producing 15.5 MWh-yr-1 each and 93 MWh-yr-1 in total. The economic impacts of metering are 
compared to the three prominent subsidies currently available in Sweden; capital rebate, green certificates, 
and the feed-in bonus. 

Increasing self-consumption is the primary motivation for changing metering schemes, and it is found that a 
vertical scheme is more effective than horizontal. The default self-consumption is 60% whereas the
horizontal configuration increases to 77% and the vertical to 97%. This is not entirely surprising given the 
significantly greater load found in the apartments. When combined the self-consumption rate reaches 100%. 
The effect on profitability is shown in Fig. 4, where NPV is shown to increase by €60,000 in the vertical 
configuration. This is significantly more than any of the subsidies which are €44,000 when combined (the 
subsidies are added cumulatively moving from left to right).

Fig. 4. Net present value of each metering scheme compared to various subsidies (Sommerfeldt, 2015)

Vertical and combined metering configurations are not entirely uncommon in Sweden due to the savings on 
network fees. However many MFH would need to convert, which would require the replacement of utility 
meters with those owned by the cooperative. The cost of this conversion would be approximately €35,000 
which significantly reduces the benefit as it relates to the PV installation, but should also be compared to the 
saving in network fees which must be done on a case by case basis. The results also place the importance of 
metering in context with state subsidies. If it were easier to share generation between prosumers and 
consumers (i.e. removing tax and market structure barriers), then it might be possible to save on direct 
subsidies. Alternatively, energy service companies could see this as an opportunity to create micro-grids on 
housing campuses with solar PV. A more complete analysis can be found in a recent ISES Solar World 
Congress paper (Sommerfeldt, 2015).
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5. Monte Carlo Analysis

Monte Carlo analysis (MCA) is a mathematical modeling method which uses traditional performance 
indicators but selects inputs at random from predefined distributions to perform repeated iterations and create 
a distribution of results. The MCA process can be viewed like an outer layer surrounding the inner 
deterministic layer, as shown in Fig. 5. Presenting the results as a distribution rather than a point value is an 
improvement over common sensitivity analyses in that it can give the results in a way that tells the investor 
what is likely to happen rather than what could happen. This is particularly relevant for PV and other 
renewables, which are typically subject to long payback times.

Fig. 5: Diagram of the MCA method in relation to traditional deterministic methods (Sommerfeldt and Madani, 2016)

At the core of the probabilistic method are the traditional deterministic, cost-benefit calculations based on 
discounted cash flows (Short et al., 1995). The outer MCA layer selects input values at random from a 
distribution to be fed into the deterministic models. Only the most critical factors are considered for 
probabilistic input, which includes electricity price, installation cost, annual generation, self-consumption 
rate, system lifetime, and the real discount rate. Electricity price is treated with a novel geometric Brownian 
motion model, while the remaining inputs are given distributions.

The output from the MCA is a distribution of NPV values. This is used to create two metrics; the probability 
of profitability (PoP) and probability of principle return (PPR). Profitability in this case is defined as earning 
the desired real discount rate (in this case a 3% real return), and thus the PoP represents the chance that NPV 
will be greater than zero. PPR is found the same way, however with the discount rate at 0% and thus 
representing only the return of the original investment.

The case presented here is intended to be representative of the most common PV installations currently in 
Sweden. Nominal values are annual generation at 900 kWh/kWp, an installation cost of 1.81 €/kWp, a system 
lifetime 30 years, and a self-consumption rate of 60%. The primary subsidies (capital rebate, green 
certificates, and the feed-in bonus) are examined in three policy scenarios, shown in Tab. 3, to give a 
practical assessment from the prosumer perspective. They are also examined separately to identify their 
individual impact.

Tab. 3: Policy scenario descriptions

Scenario Capital Rebate Green Certificates Feed-In Bonus

Unsubsidized None None None

Common Case 15% Overproduction 5 Years

Best Case 20% All production 15 Years
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The results in Fig. 6 show that under a common case of policy support, a prosumer with a well-designed and 
well-oriented system has an approximately 70% chance of earning a profit. Without subsidies the probability
falls to 8% and in a best case scenario there is a 97% chance of profit. Interestingly, the PPR is 100% in all 
cases, even without any policy support.

Fig. 6: Probability results for the policy scenarios (Sommerfeldt and Madani, 2016)

Comparing results from the various policies, shown in Fig. 7, indicates that the capital subsidy is the 
strongest tool for profitability in Sweden. The 20% capital subsidy alone is capable of lifting the PoP from 
8% to nearly 60%. The feed-in bonus is the next valuable while green certificates are the least, however the 
feed-in bonus’ future remains highly uncertain. The impact of the capital subsidy on profitability is in large
part due to the immediate payment, which has no discounting applied and thus carries more value to the 
investor than payments extending into the future.

Fig. 7: PoP values for a range of subsidy levels for the most direct PV support policies (Sommerfeldt and Madani, 2016)

It is important to note that the applicability of these results are limited to the assumptions and models used, 
most important of these being the current market structure. There are a number of possible exogenous risks 
which are not easily incorporated into a single MCA which could significantly alter the probabilities 
presented here. These abbreviated results and further detailed analysis is presented in a recently submitted 
article currently under review (Sommerfeldt and Madani, 2016).
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6. Case Studies

Like the remainder of the Swedish market, the number of MFH installing solar PV systems is small but 
growing. The boards of directors from three early adopting MFH cooperatives agreed to interviews to discuss 
their experiences and are used as case studies to learn about the ideation, planning, execution, and 
conclusions about installing a PV system. The results are summarized here and a more complete description 
can be found in (Sommerfeldt and Muyingo, 2015).

In all cases, the motivation for installing a PV system is rooted in a desire to improve the economic position 
of the cooperative. This would primarily be achieved through reduced energy costs, but in some cases it was 
believed that the system would create a positive image for the cooperative and subsequently improve 
property prices. All of the cooperatives were presented with a financial analysis from an outside party prior 
to construction; in two cases from the contractor installing the system and in the other the economics were 
simply estimated without calculation. Naturally these reports indicated positive returns for their investment
such that they wanted to move forward. Since the time of the original analyses, the electricity prices 
collapsed by 40% and significantly altered the economic outlook. In one case it is highly unlikely that they 
will earn a return and may even lose some principle.

The unforeseen downturn has not dissuaded the boards from considering their projects a success. This could 
be because economic factors are not as critical as originally claimed, or that their opinion is biased since they 
have little choice but to accept the installations. The boards also see their PV as positive advertisement for 
their community, which has been confirmed by two of the cases being given awards by the Solar Energy 
Association of Sweden for their pioneering efforts (Solar Energy Association of Sweden, 2015). All of the 
communities have received media attention in some form, which could very well result in higher property 
prices since the environmental awareness in Sweden is relatively high (TNS Opinion & Social, 2014).

These cases highlight the challenges that can arise with early adopters and there is a need for improved 
financial assessment for PV, particularly in deregulated markets like Sweden where forecasts have a high 
uncertainty. However the general attitude towards PV suggests a continued increase on installations,
particularly if environmental and social benefits are highlighted. As one chairman put it, “the long term 
sustainability of the cooperative is more important than the short term economics.”

7. Conclusions

While the volume of the Swedish PV market is still small, awareness and interest are growing such that more 
and more building owners are considering becoming prosumers. The results here show that PV investments 
can be profitable, but without dedicated policy support the chances of earning an acceptable return are low. 
Even with positive investment indicators, it is important for prosumers to keep in mind that PV is a long term 
investment and that a well design and installed system are necessary. Policy towards prosumers is highly 
uncertain, however high levels of self-consumption have been identified as a good way to hedge against 
policy changes and maintain profitability.

From a policymaker’s perspective; of the policies currently in place, the capital rebate is the most powerful 
and valuable to the prosumer. The receipt of the money earlier in the investment results in less discounting
costs and in less uncertainty about the value. By comparison, green certificates can be earned for 15 years 
and have a moving price based on market conditions. Green certificates and the feed-in bonus can also act 
against the development of flexibility via storage or demand response. Policies should support the transition 
to a flexible electricity system. Therefore emphasis should be placed on the capital rebate with a long term,
transparent plan for phase out that encourages stability for investing.
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