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HIGHLIGHTS

e Economic value of PV electricity for a small-scale producer is analyzed.

o Modeled PV production and real electricity market data from Finland is used.

o Potential for self-consumption dominates the economic value of PV electricity.

e Vertical bifacial PV has superior production and value compared to monofacial PV.

ARTICLE INFO ABSTRACT
Keywords: This study performs a techno-economic analysis of different photovoltaic (PV) systems suitable for detached
Economic value of PV houses in high-latitude locations and quantifies the key economic indicators affecting their competitiveness.

Bifacial PV
Small-scale producer
High-latitude location

Residential PV systems providing different temporal power production profiles are compared, accounting for the
electricity price variations in the day-ahead market and the possibility of self-consuming the produced electricity.
The procedure allows novel and comprehensive case study analysis that captures PV production, self-
consumption, and dynamic electricity pricing, ultimately revealing the value of the produced PV electricity.
This procedure is applied to a hundred case studies representing single-family houses with different PV systems,
electricity load profiles, and electricity contracts. Vertical East-West mounted bifacial panels (VBPV) reached
superior performance, with 9.1% higher overall production (with 2019 weather data) and 7.4%-10.9% higher
economic value (with 2019 and 2022 electricity price data) for the produced PV electricity compared with
monofacial PV. Thus, VBPV is an excellent choice for households economically, but the availability of suitable
installation sites in the urban environment limits the possibility of its utilization. The economic value of PV
electricity strongly correlates with self-consumed electricity due to avoided transmission fees and taxes, and a
significant drop in total production causes only a minor reduction in value if the amount of self-consumed
electricity remains similar. Thus, for a small-scale producer who orients the panels toward the East and the
West instead of the South with a 45° tilt, the economic loss is significantly smaller (even as low as 12.6%) than
the production loss (23.2%).

Abbreviations'?: AC, alternating current; DC, direct current; EEST, Eastern European Summer Time; MPV, monofacial photovoltaics; PV, photovoltaics; PVGIS,
photovoltaic geographical information system; QC, quality control; STC, standard test condition; VAT, value-added tax; VRE, variable renewable energy; VBPV,
vertical bifacial photovoltaics; A, area [m?]; BF, bifaciality factor [%] or [no unit]; C, cost [€]; d, discount factor [%] or [no unit]; DHI, diffused horizontal irradiance
[W/mz]; DNI, direct normal irradiance [W/m?] ; E, electricity production or consumption [kWh/year] or [kWh/h]; GHI, global horizontal irradiance [W/m?] ; GTI,
global tilted irradiance [W/m?] 5 kg, diffuse fraction [%] or [no unit]; MV, market value [€/year]; NC, net cost [€/year]; NPV, net present value [€]; p, price [c/kWh];
SV, specific value [€/year]; T, temperature [°C]; WS, wind speed [m/s]; AT, temperature difference [°C]; 6, zenith angle [°]; nsrc, standard test condition efficiency
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1. Introduction

Reduced cost and extraordinary scalability have made solar photo-
voltaic (PV) power production a mainstream solution that is accessible
from utility-scale to small producers. As the share of PV in electricity
generation rises around the globe, its diurnal and weather-dependent
nature poses some challenges. In particular, conventionally oriented
PV panels, i.e., panels pointing toward the equator at an optimized
angle, reach the production peak at solar noon and produce poorly
during morning and evening when electricity consumption typically
peaks. In a power system with a high share of PV and a limited adjust-
able generation capacity, extensive over-generation around noon and a
need for imported electricity during morning and evening are common
phenomena. The mismatch causes challenges for grid stability and
supply security. Moreover, in an electricity market with hourly varying
prices, such as the Nordpool day-ahead market [1], the imbalance be-
tween demand and supply causes a highly fluctuating price profile. The
profitability of renewable energy is impacted by self-cannibalism; for
instance, solar energy production in Germany sinks prices and profits
around noon [2-5], while electricity prices in Finland drop significantly
when there are good conditions for wind energy production. The pro-
duction profile of PV can be significantly adjusted, particularly in Nordic
conditions, to avoid this effect. However, such a techno-economic
analysis of Nordic PV is lacking in the literature.

This study approaches these questions from the perspective of small-
scale producer-consumers, i.e., prosumers. Two main strategies can be
applied: demand can be moved to hours of high PV production, and PV
peak production can be shifted toward hours of high demand. A typical
prosumer is a house owner with their own PV power system installed on
the roof. Such case studies are analyzed widely at low- and mid-latitudes
[6-8]. However, in this paper, we study a high-latitude location,
Finland, which has significantly different solar irradiation conditions,
especially a high seasonal variation and a low average solar altitude
angle [9]. Although Finland and other high-latitude locations are often
thought to have too low solar irradiation for profitable PV production,
the difference between Southern Finland and Central Europe is small.
According to the Photovoltaics Geographical Information System
(PVGIS) online tool [10], the total annual irradiation on optimally tilted
planes in Turku (Southwest Finland) is only 1.9% smaller than in Kiel
(Northwest Germany). From May to August, the irradiation in Turku is
greater than in Kiel, enabling high PV production during summer.
Combined with low solar elevation, this creates excellent conditions for
vertical bifacial PV (VBPV) mounted in the East-West direction [11,12].

Besides the production and cost of PV, the third major factor
affecting the economic feasibility is the electricity price, which has risen
rapidly due to the ongoing energy crisis. The mean Nordpool spot price
for Finland [13] (excluding taxes) was €154.04/MWh in 2022, €72.34/
MWh in 2021, and €28.02-49.30/MWh in 2011-2020. Thus, the
competitiveness of PV in Finland has increased tremendously.

The literature states that the PV orientation that maximizes the total
annual production may differ from the orientation that maximizes self-
consumption or results in the highest economic profits for a prosumer
[14-16]. The market value of the produced PV electricity can be
increased by shifting the azimuth, typically to the West from the South
[14,15,17-19], since the electricity prices often peak in the afternoon/
evening. Such a change in the alignment can lead to tens of percentage
increase in the annual market value compared with the optimal pro-
duction orientation [18]. When the share of PV in the energy markets
increases significantly, this difference becomes greater [19].

The German electricity market, where the share of variable renew-
able energy (VRE), especially PV and onshore wind, is high, provides an
opportunity to study the effect of large PV production. Overall, the price-

1 The subindexes for E, GTI, SV, and T are explained at their first appearance
in the text.
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decreasing impact of VRE on the electricity spot price increased from
2.89 ¢/kWh in 2014 to 8.89 c/kWh in 2017 [4], although it should be
noted that without VRE, there would be more conventional coal and
nuclear plants, which would affect the electricity price. However, the
increase in VRE has made the German spot price more vulnerable to
variation due to weather conditions [3,5]. In an analysis for 2030, the
number of negative spot price hours was expected to increase from 254 h
in 2019 to 258, 326, or 490 h in 2030, depending on the scenario
regarding the other energy production portfolio. In 2019, the negative
price hours were focused on nighttime and noon, whereas in all 2030
scenarios, the negative prices were strongly concentrated close to noon,
highlighting the role of PV.

It is crucial to consider all production, consumption, and electricity
price profiles when performing a holistic techno-economic analysis.
Litjens et al. [20] compared the optimal panel orientation in the
Netherlands in multiple cases, considering various residential and
commercial consumption profiles, system sizes, and feed-in power lim-
itations, aiming to maximize the electricity production, self-
consumption, and total revenue with Dutch and German market pri-
ces. The optimal orientation is dependent on the case and optimized
variable. For instance, for maximizing self-consumption, the optimal
orientations were 26° tilt and 212° azimuth (clockwise from North), as
well as 17¢ tilt and 188° azimuth, for residential and commercial sys-
tems, respectively. The total revenue increased to 5.4% compared with
the orientation that maximized production. However, in some residen-
tial scenarios, maximizing the total revenue decreases self-consumption.
Merilainen et al. [16] studied the optimal PV orientations to maximize
the value of the produced electricity for various load profiles in Finland.
They showed that, unlike other studies, the azimuth is slightly shifted
toward the East instead of the West when maximizing the revenues. The
total annual value was only slightly sensitive to the change in orienta-
tion, and the dual-azimuth monofacial photovoltaic (MPV) systems
performed better than single-azimuth systems for maximizing self-
consumption.

The East-West oriented vertical bifacial PV (VBPV) has been shown
to lead to higher annual electricity generation compared with the con-
ventional South-facing PV in high latitudes [the production ratio of MPV
and VBPV (front-side facing the East) systems was 91.7% in Bergen,
Norway] [21] and slightly higher market revenues, at least in markets
with high shares of South-facing PV [21]. However, studies on
increasing the economic value of the produced PV electricity at the
household level by utilizing VBPV are lacking in the literature. Although
VBPV provides an improved match between PV production and elec-
tricity load compared to typical rooftop MPV, the availability of suitable
installation sites in the urban environment is limited. Thus, creative
architectural solutions that allow the utilization of VBPV as fence-like
structures with a minimal land footprint and structural functionality
in a built environment [11] are required to make this technology
available to private consumers. The potential for the effective dual-use
of the land with rooftop MPV and ground-mounted VBPV is visualized
in Fig. 1. However, further studies in this field are required to ascertain
the maximum available VBPV potential in different residential areas.

For a single prosumer, the orientation can be set by the orientation of
the roof, among others. However, at the neighborhood level, the different
orientations of buildings create various possibilities for different PV ori-
entations. Vertical mounting is possible, for instance, when PV is used as a
fence or a balcony divider [11]. Since the electricity pricing principles and
the governmental policies (e.g., the lack of PV feed-in tariffs) in Finland
favor self-consumed PV electricity over surplus sold to the grid, increasing
self-consumption during high-price hours at the cost of reduced total
production can be an economically feasible option for a prosumer.
Moreover, increased self-consumption makes the prosumer more resilient
against electricity price increases and disruptions in the electricity supply,
thus increasing energy security. In this study, we analyze an extensive
range of PV orientations and calculate the expected total annual pro-
duction, building upon our previous works [22-24] and the value of the



S. Jouttijarvi et al.

conventionally mounted

monofacial

production peak at
solar noon

OUTPUT

5am TIME 9 pm

south-facing, tilted

Applied Energy 361 (2024) 122924

vertically mounted

bifacial

production peaks in
morning & afternoon

5am 9 pm

east-& west-facing

absorbs light
from both sides

Fig. 1. A schematic figure of a rooftop-mounted MPV and ground-mounted VBPV panel. The illustrative power generation profiles during one sunny day

are visualized.

produced electricity for prosumers with different electricity contracts
(fixed-term or spot price). The different PV systems and electricity con-
tracts are compared in terms of the total value of the produced PV elec-
tricity and the total annual net cost of the electricity.

2. Methods
2.1. Computational methods

Data processing, data filtering, solar irradiance and PV power pro-
duction modeling, and annual simulations of the studied cases were
performed computationally with Matlab and Python using the ready-
made functions and tool packages of the software. Functions from the
open-source PVlib library [25], developed by Sandia National Labora-
tories, were utilized in the solar irradiance modeling, either in their
original form or after modification by the authors. The other codes used
in this study were written by the authors.

2.2. Creating PV power production profiles

2.2.1. Data collection

A weather station in Turku, Finland (60°N, 22°E) was used as a raw
data source. The global horizontal irradiance (GHI) data were measured
with two pyranometers (Kipp and Zonen SP10, spectrally flat class A).
Ambient temperature (T4) was monitored by Vaisala Hmp110, and wind
speed (WS) was monitored with Produal VS3000. The datasets covered
the year 2019 with a one-minute resolution.

2.2.2. Data processing: creating the accepted set

The initial quality control (QC) was done as follows. The datapoint
was rejected as missing if at least one of the four measured values (two
GHIs, T, and WS) was missing. Moreover, if the GHI values from the two
pyranometers had a difference larger than 20 W/m?, the datapoint was
rejected as inconsistent. Only 87 datapoints were removed as missing or
inconsistent, indicating the high quality of the original datasets. For the
accepted points, the GHI value was set as the average of the two sensor
values. Then, the dataset was filtered so all datapoints with GHI < 30 W/
m? were removed, thus eliminating nighttime and very dark daytime
data. After processing, the amount of valid datapoints was 201,227,
representing 38.3% of the full-year minute-level dataset length
(525,600), where nights are also included. The monthly acceptance
percentage varied from 4.7% (Dec) to 65.3% (Jul) due to the extensive
contrast in the length of day and clearness of weather between winter
and summer in Finland. Compared with the case when all GHI values
greater than zero were accepted, this approach provided a 1.15% lower
total annual GHI and a 21.9% lower amount of valid datapoints. Thus,
the loss of modeled power production due to the elimination of the low
GHI values is small, and the accepted dataset represents the conditions
when the PV systems produce electricity well or reasonably.

2.2.3. Decomposition modeling

The measured GHI values were used to model direct normal irradi-
ance (DNI) and diffused horizontal irradiance (DHI). The diffuse fraction
(kq) was calculated with the Starke decomposition model [26] using
coefficients for the Dfc climate zone according to the Koppen-Geiger
classification [27]. The DHI and DNI were calculated as follows:
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DHI = k;  GHI (€9)
DNT — GHI — DHI @
cosl

where 6 is the solar zenith angle. Since this method is sensitive to errors
with low solar elevations, a QC method developed for high-latitude lo-
cations [9] was applied to replace the unrealistically high DNI values
with realistic approximations. Finally, the DHI values were recalculated
using post-QC DNI.

Since decomposition models can be inaccurate with low solar
elevation angles, using modeled, GHI-derived data with vertical in-
stallations can form a significant error source. However, the GHI data
and the modeling chain used in this study were validated against the
measured VBPV power production data from the same location. There-
fore, this error source is considered feasible.

2.2.4. Transposition modeling

Global tilted irradiance (GTI) on specific surfaces was calculated
with the Perez4 transposition model [28]. The calculations were done
with all possible orientations over the sky dome with 1° resolution for
tilt angle (0°-90°) and 2° resolution for azimuth angle (0°-358°),
resulting in 16,201 different orientations (for tilt = 0°, the azimuth is
irrelevant). In this study, the azimuth is defined so that azimuth =
0° stands for North, and the value increases clockwise. An alternative
definition for azimuth is that 0° stands for South, and the value increases
clockwise (i.e., 90° is West and — 90° is East), which is used in some of
the references.

2.2.5. Parametrizing the irradiance-to-power model

Irradiance-to-power (I2P) conversion was done using the 6k regres-
sion model [29]. The model was parametrized by validating the calcu-
lated power production of the VBPV panel located in Turku, Finland,
against the respective measured data from the setup presented in [24]
from 2019. In total, there were 201,227 valid datapoints. This approach
could cause an additional error for MPV power production modeling
since respective validation data for MPV were unavailable. A short
validation of the used approach against free (PVGIS) and commercial
(PVSyst) software provided consistent results (data not shown); thus, the
approach is considered feasible. The equations for modeled power
production are as follows:

P=AeGTl, o (’7510 © GTIgrc +x,  In(GTl,) +x; @ ln(GTIrL,,)2 +x3

o T+ x4 @ Ty @ In(GTl,y)) + x5 ® Ty @ In(GT,) + x5 0 T2, ) ©))
GTl
GTl,, = 4

= T @

GTl; = GTIp + BF o GTly 5)

Trel = TC - TSTC (6)
GTI,,

Te=Ty+AT e —2 )
Isrc

Ty =Ty +GTI,, @ e T eWs (8)

GTl,,, = GTIr + GTIx 9

where A is the area of the panel, nsy¢ = 17.7% is the standard test
condition (STC) efficiency, GTIst¢c = 1000 W/m? is the STC-irradiance,
GTIF is the modeled front-side GTI, BF = 90% is the bifaciality factor,
and GTIg is the modeled front-side GTI. The parameters xj...xs are
determined experimentally for the 6k model, whereas x; and xr are
determined based on validating Eq. (8) against the measured VBPV data
[24] for VBPV and using close-roof mounting parameters [30] for MPV.
The method for calculating the cell temperature and the constants used
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are adapted from the literature [30,31].

2.2.6. Irradiance-to-power

The modeled power production profiles were calculated based on
GTI, T4, and WS. The STC-efficiency nsyc = 17.7% was used [24]. The
power production for each minute-level datapoint was calculated based
on the parametrized 6k model for the VBPV (both front side facing East
and front side facing West cases) using GTI-profiles for tilt 90° and
azimuths 90° and 270°. For MPV, the equations were modified so that

GTl,; = GTl,,, = GTI; (10)

Since the 6k model is parametrized based on measured direct current
(DC) power production, it excludes the inverter losses. Suppliers like
Solis [32] and Growatt [33] offer inverters that are suitably sized for
single-house rooftop PV systems with EU efficiency (a weighted effi-
ciency based on how often the inverter will operate at different output
levels) of 97.5%. In simulations, a loss factor of 3% was used to include
inverter loss and additional losses from alternating current (AC) wiring.
Finally, the power production datasets were aggregated to hourly level
by summing all production within a full hour, starting from 01.01.2019
00:00:00 (Eastern European Summer Time, EEST). As an example of the
procedure, a regression plot for VBPV comparing hourly aggregated
measured and modeled electricity production is shown in Fig. 2. Most of
the datapoints are very close to the regression line, especially when
production is high.

Five profiles were chosen to be analyzed in detail as case studies,
representing realistic systems for domestic installations. They are sum-
marized in Table 1. For MPV, two tilt angles, 15° (T15) and 45° (T45),
were chosen. These angles represent slightly tilted panels on a flat roof
and parallel-to-roof panels on a steeply tilted roof. The azimuth of 180°
(S) represents conventional installation, aiming to maximize annual
energy production, whereas the 1:1 mixture of azimuths of 90° (E) and
270° (W) aims to maximize the power production during peak electricity
load hours and provides contrast compared with an azimuth of 180°.
Alternatively, the East-West orientation of the panels can be forced by
the surroundings (e.g., a detached house with a tilted roof, with the sides

> Data points

0.9 Data gap
—Regression line

o o ©c o o o
[N o o N @

Measured production (kWh/kWp)

o
N

O.é 0.3 0,4'0.5 06 07 08 09 1
Modeled production (kWh/kWp)

Fig. 2. A regression plot for VBPV, showing normalized and hourly aggregated
modeled and measured electricity production. The red circles represent a short
gap in the measured data (i.e., the measured data is zero, but the modeled data,
which is based on the irradiation, is describing the realistic production).
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Table 1
Used PV system orientations. The percentages show the distribution of PV panels
for different azimuths.

Notation Tilt (°) Azimuth(s) (°)

T15S 15 180

T15EW 15 90 (50%), 270 (50%)
T45S 45 180

T45EW 45 90 (50%), 270 (50%)
VBPV* 90 90 (50%), 270 (50%)

" 90% bifaciality.

facing the East and West). This provides four different MPV profiles,
which cover different rooftop installations.

For the analyzed VBPV system, the panels were assumed to have a
1:1 ratio of the front side facing East and the front side facing West
panels to provide a balanced power production profile. Bifacial panels
were studied only in a vertical configuration. This choice is justified by
the scope of the study, a techno-economic analysis of residential PV
systems. The BPV panels could be mounted conventionally to the ground
(suitable tilt and 180° azimuth angles); however, they are directly
competing with other land use purposes in such a case, and the effective
dual-use of land, which is the key factor when integrating PV to resi-
dential areas, is lost. Moreover, the benefits of VBPV are highlighted at
high-latitude locations [12,21].

The power production with these systems, sized to 4.0 kWp, is pre-
sented in Fig. 3. With the 45° tilt, the EW system enabled higher pro-
duction during the morning and evening at the cost of significantly
lower production during the rest of the day. With the 15° tilt, the effect
of azimuth was significantly smaller. VBPV had a significantly different
profile, with two peaks (morning and evening) instead of one noon peak.

2.3. Electricity consumption and pricing data

The electricity consumption profiles used in this analysis present
relevant types of consumers from the electricity consumer cluster clas-
sification by Tampere University on behalf of the Finnish Energy Au-
thority [34]. The profiles are averages from individual customers
belonging to each cluster. Therefore, high power demand peaks caused
by electric stoves, for instance, are averaged out. Thus, the profiles

35 ‘
—T45S ‘
—T45EW|
T15S ‘
3 —T15EW|
‘--VBPV‘
o 25
-
S
2
S 2
3
=
©
o
(=8
> 15
S
3
o)
w 1
0.5
0 ‘ |
4 6 8 10 12 14 16 18 20 22

Hour

Fig. 3. The electricity production with different PV production profiles for a 4
kWp system on a single mostly sunny day, May 09.
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represent average consumer behavior and may differ significantly from
the profiles of individual houses, although the house is included in the
corresponding cluster. This approach is considered feasible since the aim
is to produce results that are applicable widely and can be generalized
easily to the local and national levels. Thus, using consumption data
from an individual house creates bias based on the consumption
behavior of the residents.

Three profiles representing detached houses with different heating
solutions (Loadl, Load2, and Load3) were adapted directly from [34].
Each profile contains electricity consumption for one year with hourly
resolution. The shape of the profile and the total annual electricity
consumption depend on the heating solution of the house. The annual
consumption, heating solution, and energy efficiency of the houses are
presented in Table 2. Each of these load profiles was identified as a
separate type of consumer from the real market data in [34], where the
total electricity load was distributed among 14 types of consumers,
covering residential houses, agriculture, business, and industry. Thus,
each presents a significant number of detached houses.

Moreover, one in-house modified profile, Load3F, was used. It rep-
resents a house with reserved heating as a flexible load, with equal daily
heating and other electricity usage needs compared with Load3. In
practice, a house with a Load3F consumption profile has a hot water
tank as thermal storage. The tank can be heated when PV electricity is
available, and the stored heat can be used to satisfy the heat and hot
water demands of the house. The profiles are generated for all PV sys-
tems separately by assuming that all the electricity used for heating
either the house or hot water is flexible within 24 h. In other words, if
there is surplus PV electricity available, it can be used to produce heat
that is consumed within the next 24 h instead of selling it to the grid. A
perfect forecast for the heat demand for the next 24 h is assumed.

The load profiles are presented in Fig. 4 as the average daily profiles.
These daily profiles are obtained by taking the monthly mean values of
each hour of the day. Profile Load1 is relatively low, with a peak in the
evening and a valley during nighttime corresponding to domestic ac-
tivity. The seasonal variation is relatively low. The profile Load2 has a
similar shape to Loadl but has additional season-dependent consump-
tion due to electric heating. This additional consumption is high during
winter and low during summer. Profile Load3 has a very high peak
(between 4 and 10 kW, depending on the season) around midnight due
to the heating: the heat demand for the whole day is satisfied by utilizing
cheap night electricity for a few hours. During winter, profile Load3F is
very similar to Load3 since the amount of PV electricity available is low.
However, during summer, Load3F has a lower peak around noon instead
of a high peak during the night since the produced PV electricity is used
for heating. In Fig. 4, the Load3F is shown for a 4.0 kWp PV system with
T45S orientation.

The total price paid for electricity taken from the power grid for an
individual consumer in Finland consists of three main components: cost
of electricity, cost of transmission, and taxes. The electricity price can be
fixed or dynamic depending on the contract type that the customer has
chosen and includes value-added tax (VAT). The transmission fee,
electricity tax, and supply security fee (and VAT for all of them) are
charged by the distribution system operator as a fixed cost per kilowatt
hour consumed. The exact amount of this cost depends on the consumer
type and location. In addition, there may be fixed monthly fees for both

Table 2
The load profiles and their key characteristics.

Name Electric Energy Annual Type consumer

heating efficient consumption #in [34]
house (kwWh)

Load1 No No 5000 4

Load2 Direct Yes 10,000 5

Load3 Reserving No 19,000 7

Load3F  Reserving, No 19,000 Modified from
Flexible 7
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Fig. 4. Daily average load profiles with one-hour resolution plotted for each month separately (UTC + 03 time zone). Profiles Loadl, Load2, and Load3 are the same
for all PV systems, but profile Load3F depends on the size and orientation of the PV system. The profile Load3F shown in the figure is for a 4.0 kWp solar power

system with production profile T45S.

electricity and transmission, but these are assumed to be identical in all
cases and are thus excluded for further analysis. Since feed-in tariffs are
unavailable for PV producers in Finland, the possible surplus generation
has to be sold at the market price. In practice, the electricity selling
contracts available for Finnish residential customers are bound to the
spot price.

We consider five electricity purchase pricing and two electricity sell
pricing scenarios, covering both the normal market situation (2019) and
the energy crisis (2022). The two dynamic purchase pricing scenarios
(Spot19 and Spot22) and the two sell pricing scenarios (Selll9 and
Sell22) are based on the hourly spot prices (pspo) of Finland [1] in 2019
and 2022, respectively. To be compatible with the Finnish electricity
market, a VAT (10% for December 2022, 24% otherwise) and a margin
(Pmargin = 0.4 ¢/kWh, including VAT) were added to the spot price for the
Spot19 and Spot22 contracts. For the Sell19 and Sell22 contracts, pmargin
was deducted from the spot price. Taxes were excluded from the sell
contracts. According to Finnish legislation, small-scale producers of
renewable energy (nominal peak power < 100 kW and annual revenue
< €10,000) are relieved from taxation. Since the case studies represent
single detached houses, the studied systems stay well below these
criteria.

Three fixed-price (psiveq) purchase scenarios were used: Fixed19
represents the 2019 case (the consumer made a two-year fixed price
contract in July 2018), while Fixed22A and Fixed22B represent the 2022
case (two-year contract in July 2021 and one-year contracts in July 2021

and July 2022). Two different fixed contracts for 2022 were used since
the electricity price in fixed contracts changed dramatically during 2022
(Table 3). For the Fixed22A and Fixed22B contracts, the VAT deduction

Table 3

Electricity price components. K2: detached house, electric stove, no electric
heating, fuse 3 x 25 A, consumption 5000 kWh/year; L2: detached house,
partially reserved electric heating, fuse 3 x 25 A, consumption 20,000 kWh/
year. Values for K2 were used for Load1; values for L2 were used for Loads2, 3 &
3F.

Price component K2 (c/kWh) L2 (¢/kWh)
Electricity mean' spot 5.46 5.46
price” 2019
Electricity mean' spot 18.74 18.74
price” 2022
Fixed electricity price” 6.10 5.39
2019
Fixed electricity price” A: 6.46/B: 6.49 (Jan-Jun), 17.10  A: 5.70/
2022 (Jul-Dec) B: 5.94
(Jan-Jun),
15.28 (Jul-Dec)
Transmission cost® 2019 6.93 5.42
Transmission cost” 2022 6.22 4.96
Margin 0.40 0.40

1 Arithmetic average of hourly spot prices.
2 Inc. VAT 24%. For Dec 2022, 10% VAT was deducted.
3 Inc. VAT 24%, electricity tax, and supply security fee.
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for December 2022 was transferred completely to the consumer price.
The exact values for the psyeq purchase prices were determined as
average prices for the contracts made in given months for the corre-
sponding customer type, according to statistics from the Energy Au-
thority [35]. For each load profile referred to earlier [34] and used in
this study, the pfixed and Puransmission values for the most representative
customer type were used. For Loadl (detached house without electric
heating, consumption of 5000 kWh/year) [34], pfixed and Pransmission for
customer type K2 (detached house, electric stove, no electric heating,
consumption 5000 kWh/year) [35] are used. For the other load profiles
(detached houses with electric heating, consumption of 10,000 or
19,000 kWh) [34], prices corresponding to customer type L2 (detached
house, partially reserving electric heating, consumption 20,000 kWh/
year) [35] were used.

The electricity transmission cost, electricity tax, supply security fee,
and VAT for all three components were aggregated into one variable
(Ptransmission)> Which is charged based on consumption, year, customer
class type, and geographical location. This aggregated value was
determined from Energy Authority statistics [35] based on the year and
customer type. In all cases, the house is assumed to be in Turku (dis-
tribution system operator: Turku Energia Sdhkoverkot Oy). All fixed
price components for the different cases used in this study are presented
in Table 3. To sum up, the purchase and sell prices are defined as follows:

VAT .
Dspor-| 1+ 100 + Pinargin + Piransmission» fOr spot price contracts (11a)
Ppurchase =
Pixed ~+Piransmission, for fixed price contracts (11b)
Psell = Pspot — Pmargin (12)

The purchase and sell contracts are paired based on the year, i.e.,
Sell19 contract is used with Spot19 and Fixed19 contracts. Thus, there
were a total of five different electricity trade (including purchase and
sell) contract combinations. The contracts are summarized in Table 4.

The different electricity price variants for K2-type consumers are
presented in Fig. 5A and Fig. 5B for 2019 and 2022, respectively. Since
the electricity selling prices (Selll9 in 5 A and Sell22 in Fig. 5B) are
given by Eq. (12), they are very close to the spot prices, and the corre-
sponding curves overlap. For 2019 (Fig. 5A), the purchase price with the
spot-price contract (Spot19) is, on average, slightly lower than the fixed
price, although the daytime price is higher during certain months. The
benefit of PV electricity self-consumption is clear. During summer
months, the daytime purchase prices are mostly 12-14 ¢/kWh, whereas
the sell price is 4-6 ¢/kWh. Overall, the electricity prices are at a low,
stable level, representing a steady market situation in Finland.

By contrast, in 2022 (Fig. 5B), the energy crisis due to Russia’s attack
on Ukraine has taken effect, and the spot-price contract is extremely
expensive since the spot price responds immediately to the changes in
demand and supply in the market. Two major factors reduced the supply
and increased the electricity price: i) terminating the direct import of
electricity from Russia to Finland in Spring 2022 and ii) reducing the

Table 4
The summary of the electricity contracts used. For numeric values, refer to
Table 3.

Name Type  Main price VAT  Margin Transmission
component cost

Spot19 Buy Spot price 2019 Yes Added 2019

Fixed19 Buy Fixed price 2019 Yes No 2019

Spot22 Buy Spot price 2022 Yes Added 2022

Fixed22A  Buy Fixed price 2022 Yes No 2022
(A)

Fixed22B  Buy Fixed price 2022 Yes No 2022
®)

Sell19 Sell Spot price 2019 No Deducted  No

Sell22 Sell Spot price 2022 No Deducted  No
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import of natural gas from Russia to Central Europe. However, the
selling price for the surplus PV electricity is also high, allowing indi-
vidual prosumers to make high profits, especially during August. The
clear winners in 2022 are the consumers who made two-year, fixed-price
contracts before the crisis (Fixed22A). During certain hours, the sell
price of the surplus PV is higher than the fixed purchase price. This
condition would make it profitable to sell all PV production and buy the
consumed electricity, but such is forbidden. The electricity contracts
offered to the prosumers allow selling electricity only when their de-
mand is satisfied completely by their own production.

2.4. Economic and technical indicators

To compare different PV systems, the following indicators are used
(as a function of system size):

Total annual electricity production (E4) was calculated for each
MPV orientation by summing the generated power over the year. For the
five PV profiles analyzed with various consumption profiles, the total
annual self-consumed (Essc) and surplus electricity (Ea surpius) Were
calculated separately. The equations for calculating Ea, Esc, and Egurpus
are presented below:

Ey = Z Epy = Exsc + Easurpius = Z Esc + Z Egupius 13)

Eor — Epy, if Epy < Ejpaa (143)
¢ Etoaas if Epy > Bioyq (14b)

E _ 0,if Epy < Ejoua (152)
P\ Epy — Ejgaa, if Epy > Ejgaq (15b)

where Epy is the PV production and Ejy,q is the consumption in a given
hour.

Total annual market value of electricity MV was obtained for all
PV orientations by multiplying the hourly generated power with the
corresponding hourly electricity spot price psor as follows:

MV = Z EPV'pspoI (16)

This is a popular indicator of the general potential value of the
produced electricity [14,18,19], but neglects the price differences be-
tween self-consumed and surplus electricity, which is important from
the prosumers’ perspective.

Total annual consumers’ specific value of electricity (SV) was
calculated for the five PV profiles as the sum of SV of self-consumed
electricity (SVsc) and SV of surplus electricity (SVsupus) with the
following formula:

SV = SVsc + Svsurplus = Z (ppurchasa'ESC) + Z (psell'Esurplu:) 17)

where ppyrehase is the price of purchased electricity (either spot price or
fixed contract), Egc is the self-consumed PV production, psy is the price
of sold electricity, and Egypiys is the surplus PV production. This indicator
is specific to a consumption profile and indicates the actual value of
production when considering the separated values for self-consumed (i.
e., the cost circumvented by avoiding electricity purchase from the grid)
and surplus (i.e., the revenue for selling electricity to the grid) elec-
tricity. SV is used as the main comparison criterion because it represents
the actual economic value of PV electricity, considered from a small-
scale producer’s perspective.

The total annual net cost (NC) was calculated by taking the sum of
the purchased electricity over the year as follows:

NC = Z (Edmﬁr *‘Ppurchase — E.\urpluS 'p.\'ell) (18)

B = O/If Epv > Eload (193')
deficit — Elpud — EPV7 if Epv < E]oad (19b)

NC represents the total annual electricity bill of a consumer
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Fig. 5. Daily average price profiles with one-hour resolution, plotted for each month separately for 2019 (A) and 2022 (B) in the UTC + 03 time zone. Customer type-
dependent values are plotted for customer type K2. The purchase prices include transmission costs and taxes. In (B), the “spot price” curve almost overlaps with the
“Sell22” curve for the whole year, and the “Fixed22A” curve almost overlaps with the “Fixed22B” curve from Jan to Jun; therefore, the “spot price” curve and the

“Fixed22A” curve from Jan to Jun are visually unavailable in (B).

(excluding constant monthly fees) and allows a concrete comparison of
the yearly savings between the different orientations and scenarios. NC
is connected to SV via the following equation:

NC =NC, -8V (20)

where NCj is the NC without the PV system (i.e., the annual electricity
bill for a house without PV).

Net present value (NPV) for the produced PV electricity includes the
effect of decreasing the value of money when comparing current and
future cash flows. Since the PV system requires a large initial invest-
ment, most of the costs occur immediately, whereas the revenue
(including savings from self-consumed and revenue for surplus pro-
duction) is distributed almost evenly for the whole lifespan of the sys-
tem. The total net present value for the PV system can be calculated as

NPV = — Cyy + Z(SV CO&M‘) (21)

where Cj,y is the investment cost, n is the expected lifetime of the PV
system in years, Cogu,i is the operation and maintenance cost for year i,
and d is the discount factor.

3. Results
3.1. PV electricity production and market value

The annual power production of the MPV systems with different ori-
entations is shown as a contour plot in Fig. 6. The maximum value (163
kWh/m?) is achieved with 41° tilt and 180° azimuth, represented by the
black circle in Fig. 6. The contour lines show how the production de-
creases when the tilt and/or azimuth is changed away from the optimal
value, e.g., if an orientation is at the 90% contour line in Fig. 6, the
corresponding PV system produces 90% of the electricity produced by an
optimally oriented PV system. The same logic with the contour lines is
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Fig. 6. The total annual production of the MPV systems as a function of tilt and
azimuth angles. The maximum value was 163 kWh/m? with an azimuth of 180°
and a tilt of 41°. The orientations studied in detail are shown as blue squares.
Resolution: 1° for tilt and 2° for azimuth. The labeled blue squares represent the
orientation(s) of the PV systems: T15S (a), T45S (b), TI5EW (c), T45EW (d),
and vertical East- and West-facing surfaces (e). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

applied in Fig. 7. However, for the shown quantity and its unit, the reader
is always referred to the header and caption of the particular figure.
The cases studied in more detail are shown in Figs. 6-8 with labeled
blue squares. For the MPV systems, the difference in the optimal
orientation is shown directly in the particular figure. For VBPV, the
shown orientations represent the East- and West-facing surfaces
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Fig. 7. The MV of the produced PV electricity for MPV systems as a function of tilt and azimuth angles. A: Year 2019 prices, maximum value of €8.0/m? with azimuth
178° and tilt 42°. B: Year 2022 prices, maximum value of €29.7/m? with azimuth 176° and tilt 39°. The orientations studied in detail are shown as blue squares.
Resolution: 1° for tilt and 2° for azimuth. The labeled blue squares represent the orientation(s) of the PV systems: T15S (a), T45S (b), TI5EW (c), T45EW (d), and
vertical East- and West-facing surfaces (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

separately; thus, the comparison of the VBPV against an optimally ori-
ented MPV system is more complicated. The limited bifaciality of the
panels and the different operating temperatures of a VBPV and a vertical
MPV panel need to be considered. However, the sum of the values shown
for the VBPV faces in Fig. 6 provide a rough scale approximation of the
potential of VBPV against optimally oriented MPV.

When considering the annual electricity production (Fig. 6), T45S is
almost at the optimal spot, T15S is between the 90% and 95% curves,
T15E and T15W are between the 80% and 85% curves, and T45E and
T45W are slightly outside the 80% curve. The orientations of the VBPV
faces (90° tilt, 90° and 270° azimuths) are close to the 60% curve.
However, since VBPV can produce electricity from both sides, it has a
higher production than the optimal MPV system, even when the bifa-
ciality factor is considered.

The MVs of electricity for each MPV orientation with Spot19 and
Spot22 contracts are presented as contour plots in Fig. 7A and B,
respectively. For Spot19, the contour line pattern is rather similar to the
annual production contour plot in Fig. 6, with the maximum value of
€8.0/m? reached with 42° tilt and 178° azimuth. For Spot22, the
maximum MYV is almost four times higher (€29.7/m2) and achieved with
39° tilt and 176° azimuth. Overall, the MV in 2022 (Fig. 7B) favors lower
tilts and East-shifted azimuths when compared with the MV in 2019
(Fig. 7A) and the total production (Fig. 6). This result is due to the high
spot prices during summer months between morning and noon (Fig. 5B);
thus, maximizing production during these hours is favorable, even at the
cost of total production. When compared with the literature, the small
East shift for maximizing the MV is consistent with the conclusions of
Merilainen et al. [16], who also studied PV in Finland. The differences
from other studies [14,15,17-19] can be explained by the different en-
ergy production portfolios in different countries. Finally, it should be
noted that the MV shown in Fig. 7 is the tax-free spot price-based value,
and, thus, differs from the real value of the produced PV electricity.
However, it indicates how the dynamic market-based pricing affects the
optimal orientation of the PV systems.

3.2. PV electricity value for the case studies

To analyze the economic feasibility of the different PV systems, the
SV was used as a main indicator since it represents the realized net effect

on the electricity bill due to its own PV production. The annual simu-
lations with hourly level were done with the four load profiles (Section
2.3), the five electricity contracts (Section 2.3), and the five PV pro-
duction profiles (Section 2.2). The PV system sizes varied between 0.0
and 8.0 kWp, with 0.4 kWp intervals. Since the number of simulated
scenarios is extensive, 2000 scenarios with PV and 20 reference sce-
narios without PV, the focus of this section is on the key results and their
visualization. Numeric data are given for simplicity only for the 4.0 kWp
systems, reducing the number of PV cases to 100.

To obtain a better understanding of the sensitivity of SV to panel
orientation, SVs are first presented as a function of panel orientation as
contour plots in Fig. 8 for Loadl, 4.0 kWp PV system size, and four
various pricing scenarios: Spotl9 (Fig. 8A), Spot22 (Fig. 8B), Fixed19
(Fig. 8C), and Fixed22A (Fig. 8D). Regarding the electricity price sce-
narios of 2019 (Fig. 8A and C), the optimal SV is obtained with an azi-
muth pointing slightly toward the West (186°), in contrast to the MV
that was maximized with a slight shift toward the East. This observation
suggests that shifting the production peak later from the optimal azi-
muth for power production increases the economic value for the given
Load]l, likely due to slightly higher electricity demand (and thus, the
potential to self-consume more PV) during the afternoon). However, the
contour lines are further away from each other compared with the
contour lines of the total production (Fig. 6) and MV (Fig. 7), indicating
that the SV is less sensitive to panel orientation with electricity prices
from 2019. This result is due to the large relative difference between
electricity purchase and sell prices (Fig. 5A), which highlights the role of
self-consumed PV electricity in value creation.

In the case of electricity prices from 2022 (Fig. 8B and D), the azi-
muth for maximal SV is shifted toward the East, and the contour lines are
close to each other, implying that the value of electricity is more sen-
sitive to the panel orientation than with 2019 prices. These character-
istics are especially prominent with the Fixed22A pricing scenario
because the low purchase price and high selling price encourage maxi-
mizing production during the peak spot prices so the excess can be sold
with high profits. Since the evening spot price peak occurs so late that
there will hardly be PV production, the SV is maximized by matching the
PV production peak to the morning spot price peak.

The energy productions and SVs of the different [Load profile — PV
orientation — Electricity purchase contract] combinations are shown in
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Fig. 8. The SV for Loadl with various MPV systems as a function of tilt and azimuth angles. A: Year 2019 spot prices, maximum value of €304 with azimuth 186° and
tilt 38°. B: Year 2022 spot prices, maximum value of €828 with azimuth 178° and tilt 37°. C: Year 2019 fixed contract prices, maximum value of €300 with azimuth
186° and tilt 38°. D: Year 2022 fixed contract A prices, maximum value of €575 with azimuth 170° and tilt 40°. The orientations studied in detail are shown as blue
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and vertical East- and West-facing surfaces (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Table 5
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The total annual electricity production for all PV orientations and the SV of the produced PV electricity for all [Load — Orientation — Contract] combinations for a 4.0

kWp PV system for one year.

Year 2019 Year 2022

PV T45S T45EW T15S T15EW VBPV T45S T45EW T15S T15EW VBPV

E (kWh) 3660 2810 3430 3030 4000 3660 2810 3430 3030 4000

SV: Load1 (€)

Spot19 302 264 293 274 325 Spot22 822 685 794 726 908

Fixed19 298 260 289 270 320 Fixed22A 571 426 537 469 632
Fixed22B 642 498 610 541 709

SV: Load2 (€)

Spot19 328 283 315 291 354 Spot22 866 722 834 761 960

Fixed19 305 262 293 270 331 Fixed22A 506 358 470 403 555
Fixed22B 595 446 560 489 652

SV: Load3 (€)

Spot19 303 261 291 269 328 Spot22 832 691 801 730 923

Fixed19 284 244 273 252 309 Fixed22A 530 383 496 427 584
Fixed22B 605 457 571 501 666

SV: Load3F (€)

Spot19 430 332 403 358 455 Spot22 1010 792 958 856 1100

Fixed19 391 304 367 327 419 Fixed22A 395 300 370 324 443
Fixed22B 542 418 509 451 595

bl higher value here. This effect was due to the relatively flat electricity

Table 6

The cost of electricity in one year without any PV production. Load3F is
excluded since it is identical to Load3 without PV production.

Electricity cost (€) Spot19 Fixed19 Spot22 Fixed22A Fixed22B
Loadl 651 652 1330 630 887
Load2 1150 1080 2420 1060 1500
Load3 2090 2050 4000 2010 2810

Table 5. The annual electricity bills without PV for different contracts
are shown in Table 6. It should be noted that, with all the studied [Load —
Contract] combinations, the order of PV orientations is identical when
comparing production and SV, i.e., a higher PV production led to a
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price profiles during the daytime (Fig. 5). Although unconventional
orientation for MPV increases the production during morning and eve-
ning consumption peaks, the price difference compared with that at
noon is too small to compensate for lost production. However, when the
share of PV in the energy system rises, the electricity price during peak
PV production hours will decrease. This phenomenon reduces the dif-
ference in the SVs of the South-facing and alternative orientations and, if
high enough, can shift the optimal point toward the East or West.
With the Spot19 and Fixed19 contracts representing a steady market
situation, the main factor affecting the SV of the produced PV electricity
is the amount of self-consumed electricity. In particular, when
comparing the Load3 and Load3F cases, the possibility for demand
flexibility allows a vast increase in self-consumption and SV. This
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Fig. 9. Total annual electricity production (A) and SV (B) divided into value originating from self-consumed (bottom bar) and surplus (top bar) production for all

possible [Load — PV orientation] combinations with the Spot19 contract.

11



S. Jouttijarvi et al.

observation is logical due to the low selling price for surplus electricity
with the Sell19 contract compared with the total purchase cost with the
Spot19 and Fixed19 contracts (Fig. 5). When comparing the Spot19 and
Fixed19 contracts, PV has a higher SV with the spot price contracts in all
cases, although for the Load1 case, the fixed price (6.10 ¢/kWh) is higher
than the average spot price (5.46 c/kWh). However, since PV production
focuses on daytime when the spot price is typically higher than the
average, the grid electricity replaced by PV production is more expen-
sive with the spot price than with the fixed price.

In 2022, during the energy crisis, the electricity spot price was at an
extremely high level, making PV very profitable since the surplus elec-
tricity could be sold at a high price (Sell22). In fact, with fixed purchase
price contracts made before the crisis, especially Fixed22A, the sell price
for surplus PV was frequently higher than the purchase price (although
the terms of surplus electricity selling contracts offered to small pro-
ducers forbid the buying and selling of electricity simultaneously to
avoid exploitation, where all PV production is sold and the consumed
electricity is bought from the grid). For this reason, when comparing
Load2 to Loadl, the SV with fixed price contracts was lower in all cases
since profile Loadl was allowed to sell the PV production that was used
for heating with profile Load2. Similarly, when the demand flexibility
was added to the profile Load3, the SV with fixed price contracts
dropped. It was more profitable to heat the house during the night and
sell the surplus PV during the day. These cases provided examples of
situations where the common rule of thumb, “self-consumed PV elec-
tricity is more valuable than sold surplus,” was broken. With the Spot22
contract, this phenomenon was eliminated since both the purchase price
and the sell price are bound to the spot price, and, thus, the purchase
price is always higher due to transmission and taxes.

When comparing the Spot22, Fixed22A, and Fixed22B contracts, the
SV is the highest with Spot22 in all cases due to the high value of the grid
electricity replaced by self-consumption. However, considering the total
electricity cost for the prosumer, the Spot22 was inferior to the Fixed22A
and Fixed22B contracts. For example, with the Loadl and T45S profiles,
the SV was €822 and €571 with Spot22 and Fixed22A contracts,
respectively (Table 5), but the corresponding NCs (i.e., annual net
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Fig. 10. Share of self-consumption from production and SV for all studied
[Load — PV orientation] combinations with the Spot19 contract. Different PV
orientations are differentiated with symbols, as shown in the legend for Load1.
For simplicity, the full legend is not shown. For the meaning of the symbols,
refer to the legend for Loadl.
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electricity bills) were €511 and €59. Thus, the prosumer with the Fix-
ed22A contract is a clear winner, although the PV system reduces eco-
nomic loss due to unfavorable electricity purchase contracts for the
prosumer with the Spot22 contract.

A detailed breakdown of the production and SV into self-
consumption and selling surplus is shown in Fig. 9 as a bar chart and
in Fig. 10 as a scatter plot. For the value calculations, data are shown for
the Spot19 (and Sell19 for electricity selling) contract only. This con-
tract was chosen from the five contracts studied since it represents a
steady market situation, and the dynamic pricing nature is included in
both purchase and sell contracts. The role of self-consumption in value
creation is highlighted. For all the 20 cases shown, the share of self-
consumption in the production (Fig. 9A) is significantly smaller than
the share of self-consumption in SV (Fig. 9B). Fig. 10 displays that this
difference is highest for cases with the lowest share of self-consumed
production. When comparing the MPV systems with different orienta-
tions, the SV from self-consumption is almost identical for Loads1-3
when the load is fixed and the orientation is changed. The main differ-
ence in SV comes from the higher amount of surplus value for the sys-
tems that produce more electricity. When comparing the SV with
different loads, the loads that allow high SC (especially Load3F, fol-
lowed by Load2) have the highest SV.

Conventional daily scheduling for electricity load in a house with
flexible electric heating, represented by Load3, matches poorly with the
PV production: the flexible heat demand is scheduled for nighttime
when the national electricity consumption is low. Thus, although the
electricity demand is massive (19,000 kWh/year), the potential to use
their own PV production is low. However, when the heat demand is
satisfied during the daytime when surplus PV is available (Load3F), PV
becomes very profitable.

In conclusion, with identical MPV panels having different orientations,
the orientation that produces the most electricity (T45S) has the highest
SV. However, when orientation is changed away from the optimal, the
difference in SV is smaller than the difference in production due to higher
relative self-consumption. This phenomenon reduces the economic losses
due to non-optimal orientation, broadening the possibilities to install PV in
locations where the orientation is determined by the surroundings, such as
rooftops. Moreover, a further increase in self-consumption by utilizing
energy sharing in peer-to-peer energy communities [36] enables efficient
use of differently oriented rooftops for high-value PV production.

As Fig. 9 shows, VBPV has superior SV with all loads due to higher
overall production and production profile that allows higher absolute self-
consumption than MPV. From an economic aspect, favoring VBPV over
MPV is beneficial if the price difference between bifacial and monofacial
panels is smaller than the difference in SV. However, unlike MPV, which
can be installed parallel to a tilted roof, finding suitable installation sites
for VBPV in a built environment requires creative thinking from an
architectural perspective. Some examples have been given in our previous
work [11]. Dual use of the land area, such as installing VBPV to serve as
fences to locations that have little to no shading, is an attractive option. The
importance of the feasible use of VBPV is likely to increase in the future.
Currently, electricity is cheaper in Finland around noon compared with the
morning and evening, and this difference is expected to grow in the next
few years as the (South-facing) PV production capacity increases and
dampens the electricity price around noon.

3.3. Sensitivity analysis for system size

To analyze the effect of system size, the annual production and SV of
PV electricity, divided into self-consumption and surplus, with two
orientations (T45S and VBPV) and one pricing scenario (Spotl9), are
shown in Fig. 11. The motivation for showing these scenarios was to
compare the VBPV system with the best-performing MPV system in a
market scenario that represents a normal situation instead of an energy
crisis. The spot price was chosen for electricity purchase instead of a
fixed price since both the purchase and selling prices of PV electricity are
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Fig. 11. The annual electricity production (A) and SV with the Spot19 contract (B) as functions of system nominal power. For each datapoint, the total, self-
consumed, and surplus productions (A) and SVs (B) are shown. For simplicity, the full legend is shown only for the total production or SV. The datapoints for
self-consumption are marked with “x” and the datapoints for surplus with “o0”; for the meaning of the colors and solid/dashed line, the reader is referred to the legend
for the total production or SV. Note that the legend is common for (A) and (B). In (A), the total production curves for different loads overlap completely, and the

curves for Loads1-3 are hidden behind the curves for Load3F.

bound to the same main component (Nord Pool spot price for Finland).

For Loads1-3, when the size of the PV system is increased, the
amount of self-consumed PV electricity starts to saturate between 1 and
2 kWp system nominal power (Fig. 11A). When more panels are added
to the system, most of the additional production is sold to the grid. Thus,
the added economic value is low since, with this pricing scenario, the
sell price is always significantly lower than the purchase price (Fig. 5A).
Thus, the increase of SV as a function of nominal power is significantly
slower (Fig. 11B) compared with the production (Fig. 11A) when the
nominal power exceeds 2 kWp.

However, for Load3F, the possibility for a temporal shift of the heavy
heating load enables the consumption of almost all produced PV elec-
tricity for systems with nominal power below 4 kWp (Fig. 11A), which
allows rapid linear increase for the SV (Fig. 11B). Even beyond 4 kWp
nominal power, most of the added production is self-consumed. Thus, the
increase of SV as a function of system nominal power remains steeper than
with other load profiles. These observations highlight that, at least in a
steady market situation, the additional value created when increasing the
size of the PV system is highly dependent on the possibility of consuming
the additional energy at the spot. This observation may create an incen-
tive to keep the size of the PV system relatively small when the demand
during the peak production hours is low and large-scale load-shifting is
unfeasible. However, when considering economic feasibility in real cases,
the costs occurring from other sources than solar panels, such as inverters,
installation, and supporting structures, must be included. Generally, the
total price of a PV power plant per kilowatt peak is lower for larger sys-
tems. Thus, although the last added panel creates the least additional
value, it also often creates the least additional cost.

For all the studied load cases, the VBPV system had higher production
and SV than the T45S system with the same nominal power. Thus, the
increase in SV when using VBPV instead of T45S is mainly due to increased
production. The improved temporal match between PV production and
electricity load profiles with VBPV allowed a slight increase in self-
consumption, maintaining the advantage gained by higher production.

The differences in the production profiles between T45S and other
MPV systems are smaller than between T45S and VBPV (Fig. 3). Thus,
the key observations based on Fig. 11, the improved performance of
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Table 7

Real purchase costs of certain 3.5-5 kWp PV systems in Finland, as expressed by
the retailers. All packages include solar panels, inverter, and installation
equipment.

Retailer Size (kWp) Price (€) Installation Ref
Mr. LVI 3.6 4790 No [40]
Aurinkopaneelikauppa.fi 4.5 4990 No [41]
Lampopartio 4.56 4999 No [42]
Lampopartio 4.92 8699 Yes [39]
Tenvoltti Oy 4.10 5340 Yes [43]

VPBV compared with MPV and the importance of load flexibility for
systems with high nominal power, are valid for other MPV systems as
well. However, as the PV production capacity increases in Finland, the
electricity price during the summer months around noon is expected to
decrease, which dampens the SV of the T45S system and other MPV
systems, where electricity production peaks around noon. This effect can
change drastically the observations calculated based on 2019 pricing
data, where the effect of PV production on the electricity price is
negligible. Finally, the analysis presented here assumes that suitable
installation sites for all necessary panels are found from the target house:
1 kWp requires approximately 5 m? of panel area. With MPV, this is a
realistic assumption for a house with a large, south-facing roof and
without any tall, shading objects in the immediate proximity of the
panels. With VBPV, however, fitting 40 m? or even 20 m? into a single
plot can be challenging. To work ideally, VBPV requires a shade-free
location where it can be installed as a fence. Finding such locations in
an urban environment requires creativity and novel architectural solu-
tions. This aspect, however, is outside the scope of this study and is
therefore excluded. Coming back to the economic aspects, since VBPVs
have more limitations on where to install them in urban settings, they
are less likely to suffer from self-cannibalization compared with MPV
systems. Thus, one key issue of this work is that VBPV should be favored
instead of MPYV if a suitable location can be found since VBPV systems
already outperform the conventional MPV, and this gap is likely to in-
crease in the future.
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Fig. 12. The maximum allowed investment cost to reach a positive NPV as a
function of the annual SV of a 4 kWp PV system.

3.4. Economic feasibility of the case study systems

According to Motiva Oy [37], the typical cost for a 5 kWp PV system
in Finland containing the panels and needed accessories was
€5000-7000 in 2021. Table 7 presents the purchase costs for certain PV
systems with nominal power between 3.5 and 5.0 kWp systems in
Finland in August 2023 from four different retailers. The current retail
prices for an approximately 4 kWp PV system and accessories (inverter,
mounting racks, etc.) are mostly below €5000, but the installation can be
expensive and should be bought as a professional service. Finnish
legislation requires professional qualifications for persons installing PV
systems. One Finnish retailer, Aurinkomaailma, reported the average
costs of a PV system to be €1.82/Wp for a 3.24 kW system and €1.23/Wp
for a 6.5 kWp system [38] including installation, whereas Lampopartio
is selling a 4.92 kWp system, including all accessories and installation, at
€8699 (€1.77/Wp) [39]. Overall, the installation cost is case-specific for
residential customers and depends heavily on the location of the house,
the material of the roof, the local competition situation between
different contractors, and other factors. Thus, for further calculations,
we assume a 4 kWp PV system and find the maximum investment cost
for it to be profitable.

The maximum allowed investment cost (€/Wp) enabling a positive
NPV for the PV system is calculated as a function of the annual SV of
electricity produced by a 4 kWp PV system (Fig. 12). Different scenarios
included discount factors of 10% (representing cases where the house
owner has other highly profitable investment options that compete with
PV) and 3% (representing cases where the alternative for investing in PV
is saving money in the bank). The expected lifetime of the systems was
set to 25 years, which is a common power warranty period for solar
panels. In real applications, the operation and maintenance (O&M) costs
should also be included. However, the exact O&M costs depend heavily
on the location, type of panels, and the amount of work that the house
owner does independently. Thus, the exact general value for O&M costs
is unavailable. In this study, the results are shown without any O&M
costs and with O&M costs of €100/year. Since the effect of discounting is
applied identically to both SV and O&M costs (Eq. (21)), the threshold
value to reach positive NPV for any O&M cost level can be calculated by
determining the SV from Fig. 12 without O&M costs and then adding the
wanted O&M value to the SV.
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Without O&M costs, the smallest annual SVs to enable positive NPVs
were €794 and €414 for d = 10% and d = 3%, respectively, when an
investment cost of €1.80/Wp is assumed. In an optimistic scenario, an
investment cost of €1.20/Wp had corresponding values of €529 and
€276 for d = 10% and d = 3%, respectively. When the O&M costs are
added to the analysis, the required SVs are increased by the exact
amount of the annual O&M cost.

When comparing the threshold values in Fig. 12 to the calculated SVs
in Table 5, the key observation is that, with 2019 data, only the house
with Load3F was able to reach sufficient SVs for economically feasible
operation if d = 3% was used. However, with 2022 data and spot price
electricity contract, even the lowest SV (€682 with Loadl and T45EW)
was highly profitable with d = 3% and close to the realistic profitability
threshold with d = 10%. This highlights that the profitability of PV is
highly vulnerable to the market situation, that is, with a high electricity
price, PV is profitable even with assumptions strongly unfavorable to PV
(high d), whereas with a steady and low electricity price, even the PV-
favoring assumptions (d = 3%, no O&M costs) require very low in-
vestment cost to reach positive NPV.

For VBPV, the exact price difference compared with MPV depends on
the location, year, installation, and source. Rodriguez-Gallegos et al. [44]
compared the costs of MPV and BPV technologies worldwide and, based
on the values shown for locations relevant to Finland (Estonia and Ger-
many), BPV was 6-8% more expensive than MPV. This is in the same
range as the variation in SV between the VBPV and best MPV system for
the different [Load — Contract] cases shown in Table 5. The variation
range was 7.4-10.9%. However, several factors affect this price differ-
ence, including the drop in costs for (relatively novel) BPV technology,
the need for supporting structures for vertical installations, and, espe-
cially in the case of single households, the current availability of different
panels offered by the local contractors. Thus, for a small-scale prosumer,
the likely increase in price when going bifacial is case-dependent.

4. Conclusions

The economic value of produced PV electricity, denoted here as SV,
for one year was determined for a large variety of case studies repre-
senting detached houses with their own PV installations: five PV ori-
entations, five electricity purchase contracts, and four electricity load
profiles. Overall, maximizing the amount of self-consumed solar elec-
tricity was the most profitable strategy. When PV electricity is consumed
on the spot, the value is equal to the avoided cost of buying electricity,
which includes the transmission fees and taxes. With the 2019 electricity
price data (steady market situation), this effect was clear: a 23.2%
reduction in production resulted in only a 12.6% reduction in SV when
the amount of self-consumed PV electricity was similar. However, with
2022 price data (energy crisis), selling surplus production was very
profitable due to the high electricity spot price.

The SV of the produced PV electricity as a function of system size
increased rapidly if most of the added production was self-consumed.
When the self-consumption saturated and most of the added produc-
tion was sold, the increase of SV was slower. Thus, when designing a PV
system for a detached house, the self-consumption potential is a crucial
factor. If the hot water is heated with electricity (Load3F), the self-
consumption is almost 100%, with a 4 kWp PV system throughout the
year. Besides economic benefits, the increased self-consumption reduces
the need for battery storage and improves the sustainability, energy
security, and resilience of the system. However, the total cost of a PV
system also includes certain fixed costs, such as installation and an
inverter, which form a higher share of the total cost for small systems.
The profitability of a PV system during its lifetime, determined by its
NPV, depends strongly on the discount factor used. As expected, the
electricity market situation has a high effect on the competitiveness of
PV. With high electricity market prices, such as in 2022, the SVs for PV
systems are large enough to achieve positive NPV for the project, but the
situation was different in 2019.
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VBPV was shown to have superior SV over MPV in all cases: 9.1%
higher overall production and 7.4-10.9% higher SV compared with
T45S, which allows covering increased investment costs. This highlights
the suitability of VBPV in Nordic conditions due to the increased total
electricity production. The improved temporal match between PV pro-
duction and load achieved with VBPV played only a minor role in the
current electricity price. In the near future, when PV becomes a more
significant electricity source even at high latitudes, thus dampening the
electricity price around noon, VBPV allows for avoiding the price valley
around noon and reaping the high electricity prices during summer
mornings and evenings.

A key challenge for VBPV is the limited number of suitable instal-
lation sites. Whereas MPV panels can be installed easily and conve-
niently on a tilted roof, integrating VBPV panels effectively in a built
environment is more challenging. Creative solutions for the dual use of
land, such as utilizing VBPV panels as fences, are necessary to boost this
attractive technology. To utilize the potential of VBPV and encourage
residential producers to install VBPV panels, there is a need to define
how large VBPV systems can be installed in urban areas and where the
panels should be placed, considering both electricity production and
disturbance to other land use.

Finally, since the price data used here were from Finland from 2019
and 2022 when the share of PV in the total electricity generation was
low (few per mils), the cannibalization effect, i.e., the decrease of the
electricity price due to high PV production, is negligible. However, as PV
production in Finland is increasing rapidly, this phenomenon becomes
more significant with PV in Finland, as it has already happened with
wind power in Finland and PV in Germany, among others. Thus, within a
few years, on summer days around noon, the electricity price is expected
to lower significantly, reducing the value of electricity produced by
South-facing PV. For VBPV, the production peaks occur during the high
consumption and high price hours, reducing the risk of cannibalization,
especially if the South-facing installation remains the dominating
installation type. Thus, the solutions that allow higher PV production
during morning and evening, such as the already well-performing VBPV
and unconventionally orientated MPV, are expected to perform
economically better compared with the South-facing MPV in the future
than their current performance.
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