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ABSTRACT In recent decades, there has been a growing global focus on solar power as a renewable
energy source (RES) to supply local energy demands and reduce greenhouse gas emissions. Rooftop solar
photovoltaic (PV) system provides a small-scale utilization of solar energy on the roofs of apartment
buildings. Investment in this system and its profitability depends on several factors, including geographic
conditions, electricity price, and local load profiles. However, in Finland, the maritime and continental
climates and electrically heated residential buildings present unique challenges to the investment and
utilization of rooftop PV systems. Common solutions to incentivize the investment of grid-connected PV
in apartments are battery energy storage systems (BESSs), demand side management (DSM), and power-to-
x (P2X) approaches. Nevertheless, the value of these solutions is limited in Finland due to the seasonal
variation of solar PV generation and customers’ energy consumption. This paper presents a novel and
practical control and hedging mechanism to encourage investments in rooftop solar PV-BESS systems by
investing in cryptocurrency mining devices (CMDs) as dispatchable and flexible loads, which facilitate the
use of excess renewable energy for producing cryptocurrency, such as bitcoin (BTC). This mechanism can
optimally switch the output of excessive renewable energy between exporting to the main grid and mining
cryptocurrency. The proposed mechanism is studied using a dataset obtained from a residential apartment
building in Helsinki, Finland, and its effectiveness is demonstrated through several practical scenarios. The
results of a case study employed in this work demonstrate that the proposed hedging mechanism can provide
sufficient encouragement for investors to invest in a PV system, with a return on investment equal to 57.7%.
This mechanism also reduces the annual cost of residential apartments by 68.1%.

INDEX TERMS Battery energy storage system, building energy management, cryptocurrency mining,
renewable energy, photovoltaic.

NOMENCLATURE
A. INDICES AND SETS
t Index for time.
T Set of time.
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B. PARAMETERS
APV Total surface area of solar arrays (m2).
DCBESS

t Depreciation cost of BESS ($/h).
DCCMD

t Depreciation cost of CMDs ($/h).
DCPV

t Depreciation cost of PV ($/h).
Emax/Emin Maximum/Minimum energy

capacity of BESS (kWh).
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ir Interest rate (%).
I rt Solar irradiance (kW/m2).
MPFBTC Cryptocurrency mining pool fee (%).
NCMD−max
in Maximum number of CMDs.

PcapPV PV capacity (kW).
PCMDD Power consumption of a CMD (kW).
Pmaxl Residential complex line limit (kW).
Pmaxch /Pmaxdch Maximum charging/discharging rate of

BESSs (kW).
PPVt PV unit output power (kW).
Prest Demand of residential apartment building

(kW).
PPCMD Purchase price of a CMD ($).
TCBESS Total cost of BESS ($/kWh).
TCPV Total cost of PV ($/kW).
ULBESSyear Useful life of BESS (year).
ULCMDyear Useful life of a CMD (year).
ULPVyear Useful life of PV (year).
αBTC BTC block reward (BTC/block).
β
BTC,CMD
t Profit factor of mining loads ($/kWh).

γ cooling Cooling factor of mining (%).
δBTCt BTC mining difficulty level (TH/block).
λBTCt Price of 1 BTC at time t ($).
λext /λimt Purchase/Retail price of electricity at time

t ($/kWh).
µmax/µmin Maximum/minimumflexibility of demand

response programs (%).
ρCMD Hash rate of a CMD (TH/s).
ηch/ηdch Charge/Discharge efficiency of BESSs

(%).
ηPV PV Module Efficiency (%).
θ t Angle of incidence at time t .
1t Time step (hr).
C. VARIABLE
EBEESt Stored energy of BESSs at time t (kWh).
I cht /Idcht Binary charging/discharging decision of

BESS at time t .
NCMD
in Number of installed CMDs.

NCMD
t Number of running CMDs at time t .

PDRt Demand of apartment building with con-
sidering demand response programs (kW).

PCMDt Total demand of CMDs at time t (kW).
Pcht /Pdcht Charge/Discharge power of BESS at time

t (kW).
Pext /Pimt Exported/Imported power to/from the

main grid at time t (kW).
RevBTCt Income of the cryptocurrencymining busi-

ness at time t ($).
ROISC,i Return on investment for scenario i (%).

I. INTRODUCTION
Following the global financial crisis in 2009, finan-
cial markets experienced a new phenomenon known

as ‘‘cryptocurrency’’, such as bitcoin (BTC) [1]. Due to
the benefits of blockchain-based cryptocurrencies, including
transparency, accessibility, decentralization, immediate set-
tlement, anonymity, and global recognition; they are rapidly
spreading and attracting the interest of enterprises, startups,
entrepreneurs, economists, as well as common people
worldwide [2]. Therefore, they have enormous potential to
serve as an alternative form of currency soon. Blockchain
technology in the smart grid provides infrastructure for
improved communication, electricity trading within the
microgrid (MG), transparency, smart contracts, automation,
and resource sharing in the smart grid. It not only facilitates
close interaction between participants and the exchange of
both data and energy transfer, but also enables access to
various large-scale distributed energy resources, ensuring
supply-demand equilibrium, and providing a private and
secure trading platform [3], [4]. However, the significant
energy consumption of this technology may pose challenges
to the grid.

Technically speaking, cryptocurrency mining is a process
in which cryptocurrency miners validate blockchain-based
cryptocurrency transactions by solving a computational prob-
lem using cryptocurrency mining devices (CMDs). Miners
with their application-specific integrated circuit (ASIC)
devices verify the dates and validity of each transaction and
receive block rewards as motivation based on their ability
to solve computational problems [5]. However, there are
two critical obstacles that challenge miners: the high energy
consumption of CMDs and the resulting environmental
pollution due to their energy-hungry nature [6]. The electrical
energy consumption, the installed electricity capacity, and
greenhouse gas emissions of the BTC network in 2022 were
estimated to be about 95.41 TWh, 10.88 GW, and 48.35 mil-
lion metric tons of carbon emissions, respectively [7]. These
values increasewhen considering other cryptocurrencies such
as Ethereum (ETH), Tether (USDT), etc. To overcome these
challenges, miners can use renewable energy sources (RESs)
such as solar and wind for mining cryptocurrency.

Today, there is a growing global focus on renewable
energy due to targets for limiting the use of fossil fuels and
advancements in energy generation technologies using RESs.
However, high installation and investment costs, as well
as the intermittency of energy production due to the non-
controllable and non-dispatchable nature of RESs such as
wind or sunlight, geographic limitations, etc., pose technical
and economic challenges to the widespread adoption of
RESs [8]. This means that the utilization of RESs presents
challenges, and without further technological advancements
and changes to the current energy system, it is not possible
to meet all energy requirements from RESs. In addition to
the challenges mentioned above, in some countries such as
Finland, small-scale utilization of solar energy faces another
challenge. Peak loads occur in winter, while peak power
generation from solar photovoltaic (PV) systems occurs in
summer. This time difference limits the full utilization of
PVs [9].
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The literature presents widely used solutions for small-
scale solar energy utilization on apartment building roofs.
These solutions aim to add flexibility to energy systems
with significant renewable energy source (RES) penetration
and address related problems. Some of these solutions
include using energy storage systems like battery energy
storage systems (BESS) [10], implementing demand side
management (DSM) programs such as demand response
(DR) [11], and utilizing power-to-x (P2X) approaches such as
power-to-hydrogen [12]. However, employing these solutions
increases the investment costs of RES deployment and poses
substantial risks to investors. Successful implementation of
these solutions also requires remuneration policies, govern-
ment incentives, and risk reduction mechanisms. Motivated
by these challenges, this paper proposes a control and hedging
mechanism that could encourage more investment in rooftop
solar PV systems. The mechanism involves mitigating risk
by investing in cryptocurrency mining facilities to store
excessive renewable energy (energy surplus) from solar
power as cryptocurrency value.

A. LITERATURE REVIEW
As residential retail electricity prices continue to rise,
rooftop PV emerges as a potential low-cost RES alternative
for customers. While BESS can increase self-consumption
and reduce customers’ billing costs, the high investment
costs associated with them must be considered. Thus, it is
essential to examine scenarios and conduct economic studies
to determine the feasibility of implementing this system.
References [12] and [13] present the optimal capacity of solar
PVs and BESSs for households connected to the grid, using
actual annual data to minimize electricity costs. The authors
in [15] and [16] develop a techno-economic performance
model of a rooftop solar PV system with BESS for residual
buildings in different regions and climate zones in India and
Saudi Arabia, respectively.

Reference [17] presents an intelligent power management
system for solar PV systems in buildings, using an adaptive
neuro-fuzzy inference system to maximize the utilization
of solar power. In [18], an economic analysis is presented
to evaluate the profitability of a grid-connected PV-BESS
system for residential applications. In order to implement
grid-connected PV-BESS systems in apartment buildings,
it is essential to employ energy/power management systems
for monitoring and controlling the energy/power flow within
them. In this regard, the authors in [19] propose a method
based on current control to improve the energy management
strategy and effectively manage the active power flow among
PV units, the electric grid, and various loads.

Cryptocurrencymining has become a popular and lucrative
industry in recent years. However, it has faced criticism
for its high energy consumption and contribution to carbon
emissions. To address this issue, numerous researchers have
explored the feasibility and potential benefits of using
RESs for cryptocurrency mining. In [20], a DC-DC direct

connection from a solar panel to a CMD is developed, and
the financial feasibility of this system is determined. Refer-
ence [21] describes a method of mining cryptocurrency that
uses solar energy to maximize profits while minimizing the
carbon footprint and reducing electronic waste. The authors
in [22] present a risk-aware energy management strategy for
an MG that includes RESs, BESSs, cryptocurrency miners,
and responsive loads. In [23], the optimal planning and
operation of a cryptocurrency mining farm integrated with
electrolyzers, BESSs, fuel cells, hydrogen storage tanks, and
heat pump are proposed to assess the economic benefits of
using curtailed renewable energy.

Reference [24] introduces an approach to investigate
a cogeneration system of electricity and cryptocurrency
mining using a rooftop solar PV system. This approach
considers technical, economic, and environmental analyses.
In a paper closest to ours, study [25] investigates a wind farm
investment model that involves simultaneous investment in
a cryptocurrency mining farm to hedge against electricity
price risk and create an incentive for early investment in
wind farms. The results presented in the paper demonstrate
that investing in a cryptocurrency mining farm behind the
behind-the-meter of a wind farm can significantly increase
the generator’s revenue while simultaneously reducing the
risk of anticipating the wind farm’s construction. However,
the power capacity of the cryptocurrency mining farm is
considered fixed, and no optimization has been done to
calculate it, which is different from our study.

The research literature discussed above has mainly focused
on the strategy of using renewable energy for cryptocurrency
mining from the perspective of the miners’ owners while
assuming a constant load. However, there has not been
an in-depth study on optimizing the cryptocurrency mining
capacity and its consideration in energy management studies
from the perspective of the MG owner. This paper aims
to fill this gap by proposing an approach that encourages
investment in RESs and optimizes the cryptocurrency mining
capacity. Specifically, we propose a hedging mechanism
to encourage investment in rooftop solar PV systems with
BESSs and mitigate the risk of investing in cryptocurrency
mining facilities.

B. CRYPTOCURRENCY MINING IN APARTMENT
BUILDINGS: PROS AND CONS
This paper demonstrates how the application of cryptocur-
rency mining provides economic benefits for grid-connected
apartment buildings with PV-BESSs, besides its effect on
the motivation of customers to utilize RESs. The use of this
strategy can result in several advantages and disadvantages.
One of the primary advantages is the potential to offset the
cost of the PV-BESS systems through cryptocurrencymining,
which can increase the overall return on investment.

Cryptocurrency mining can also provide a hedge against
energy price volatility, as any excessive renewable energy
generated by PV systems can be used to mine cryptocurrency,
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providing an alternative revenue stream. This can demon-
strate the feasibility of its application to the building owners,
to invest in this type of RESs. However, there are also
several potential disadvantages to consider. For example, the
income generated from cryptocurrency mining may not be
stable or predictable, and it may not always be sufficient to
offset the cost of the PV-BESS system. Additionally, there
are significant regulatory and compliance risks associated
with cryptocurrency mining that must be carefully managed
to avoid legal and financial consequences. Overall, the
decision to hedge investments of grid-connected PV-BESS in
apartment buildings using cryptocurrencyminingwill depend
on a variety of factors, including the cost of the system,
the expected return on investment, and the volatility of the
cryptocurrency market.

C. MOTIVATIONS
In the following, the motivations for performing this study are
presented.

• The importance of using RESs to supply cryptocurrency
mining loads in the power system is one of the key
criteria to improve environmental sustainability and cost
savings.

• Encouraging investment in RESs is important for tran-
sitioning toward a sustainable and low-carbon energy
system. Cryptocurrency mining using excess renewable
energy can be a sustainable and profitable strategy to
offset the costs of investing in RESs.

• Existing research primarily focuses on cryptocurrency
mining from the perspective of miners, with less empha-
sis on considering these loads as an encouragement
for investment in RESs. Therefore, there is a need to
consider these loads in the energy management of MGs
to hedge the investment in RESs.

• Current research treats cryptocurrency mining loads
as common loads, overlooking their specific charac-
teristics. Therefore, it is necessary to model these
loads as dispatchable/controllable loads, considering the
potential benefits derived from their flexible operation.

D. MAIN CONTRIBUTIONS
The main contribution of this paper is to introduce a
practical controlling and hedging mechanism to encourage
investments in rooftop solar PV-BESS systems by investing in
CMDs, and other contribution can be summarized as follow:

• The profitability of cryptocurrency mining is investi-
gated in grid-connected apartment buildings consisting
of rooftop solar PV systems, BESSs, and loads under
various practical scenarios.

• An intelligent control process is integrated into energy
management systems for cryptocurrency mining loads,
taking into consideration their profitability function.

• A new building energy management system (BEMS)
formulation is introduced to model cryptocurrency
mining loads in the optimal operation of a grid-
connected apartment building.

• The proposedBEMS formulation can be used to evaluate
the optimal number of CMDs in the apartment building.

• A practical mechanism is proposed to optimally switch
the output of excessive renewable energy between
exporting to the main grid and mining cryptocurrency.

E. PAPER ORGANIZATION
The rest of the paper is organized as follows. Section II
reviews the literature on renewable energy, with a focus on
solar energy in Finland, as well as solar PV systems in
apartment buildings. Section III is devoted to describing the
system model. Section IV introduces the proposed energy
management system for an apartment building. Section V
and VI represent the results and discussion, respectively.
Finally, concluding remarks and future works are presented
in section VII.

II. RENEWABLE ENERGY IN FINLAND
A. POTENTIAL OF RENEWABLE ENERGY IN FINLAND
Finland is one of the industrialized countries in the world,
which requires high energy due to its energy-intensive
industry, cold climate, and high standard of living. Based
on the Paris Climate Agreement in 2015 and the Finnish
government’s goal of achieving carbon neutrality by 2035,
Finland has emerged as a world leader in utilizing RESs as
an alternative solution to reduce greenhouse gas emissions
and shift away from fossil fuel-based energy systems [26].
In this country, RESs have presented about 40% of the energy
consumption in 2022, and the National Energy and Climate
Strategy aims to increase this to over 50% by 2030 [26]. The
most significant forms of RESs in Finland include bioenergy,
hydropower, wind power, ground heat, and solar power [9].

FIGURE 1. Total energy consumption in Finland in 2000 to 2021.

Fig. 1 depicts the total energy consumption in Finland
from 2000 to 2021 [27]. As shown in this figure, the
share of RESs in Finland’s total energy consumption has
been increasing steadily. This is agreeing with the Finnish
government’s decision to realize its net zero carbon plans,
by providing technologies for the transition toward renewable
energy by 2035 and making wind and solar energy the largest
sources of electricity in Finland [9]. In order to achieve
a carbon-free electricity system, it is necessary to present
mechanisms along with the technological advancements of
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wind and solar energy so that these RESs become the most
competitive forms of electricity generation in Finland.

FIGURE 2. Power generation in Finland in 2022: (a) wind power and (b)
solar power.

In 2022, Finland charged 12% of the electricity demand
with wind and solar power generation, and the share of
wind and solar energy were estimated at 10.9% and 1.1%,
respectively [9]. Finland has a lot of windy coastlines making
wind power a very affordable investment in RESs. Fig. 2
shows the annual power generation from wind and solar
energy in Finland in 2022 [28], [29]. The figure reveals
that wind energy is already commercially viable in Finland,
whereas the utilization of solar energy is not yet fully
developed. The focus of this study is to investigate the reasons
for this discrepancy and propose methods to expand the use
of solar energy.

B. SOLAR POWER IN FINLAND
Finland’s unique geographical location and climate present
several unique challenges to the utilization of solar power
in this country. Due to the seasonality of solar radiation,
this country receives significantly lower irradiation in winter
compared to summer, as shown in Fig. 3 [30]. This
figure depicts the average monthly sunshine duration in
Helsinki, Finland, in 2022. In Helsinki, more than 90% of
residential buildings are heated by electricity in winter. These
apartment buildings are called ‘‘electrically heated residential
buildings’’ [26]. As a result, electricity consumption by
residential customers in Finland is considerably higher in
winter than in summer.

The dramatic increase in residential retail electricity
prices over the last decade in Finland along with the
opportunity for employment of local distributed energy
resources (DERs) has made Finnish households increasingly
interested in employing rooftop solar PV systems to generate
and consume renewable energy and reduce their electricity
bills. However, the electricity generation from rooftop solar
PV systems is more concentrated in summer than in winter.
Non-simultaneity of PV generation and consumption has

FIGURE 3. The average value of monthly sunshine duration in Helsinki,
Finland in 2022 (sun hours per day).

presented some challenges for these customers. Among them,
the most significant factors to consider are the rising levels
of excessive renewable energy, the curtailment of renewable
energy, and the declining profitability of investments in RESs.
These aspects will be thoroughly examined in the following
subsection.

C. SOLAR PV IN APARTMENT: OPPORTUNITIES AND
CHALLENGES
Apartment building owners can employ rooftop solar PV
systems to reduce their electricity costs and have an
opportunity to reduce their environmental impact. However,
investing in rooftop solar PV systems to produce renewable
energy has created new challenges due to the lack of
electrical energy storage systems to store excessive renewable
energy (when solar irradiation is at its peak). The excessive
renewable energy produced in an apartment building can be
sold to the main grid. However, as more and more apartment
building owners install rooftop solar PV systems and more
solar energy plants come online, the generated energy due
to a higher supply may become worthless and can be sold
at a relatively lower electricity price. This trend reduces the
revenue from selling electricity and, as a result, reduces the
tendency of consumers to utilize RESs. In the worst-case
scenario, customersmay pause exporting renewable energy to
the main grid or DERs can even be switched off temporarily.
At this stage, a huge amount of excessive electricity is wasted
or curtailed and cannot be fully utilized in the grid.

As mentioned before, the three most common solutions
for customers to reduce renewable energy curtailment are
using DSM, electrical energy storage systems, and P2X
approaches. The concept of DSM is not new, but its
implementation is faced challenges comparedwith traditional
approaches. These challenges include a lack of information
and communication technology infrastructures, a lack of
understanding of the benefit of DSM solutions, not being
competitive, increasing the complexity of the system oper-
ation, and inappropriate market structure [31].

In the electrical energy storage system approach, apartment
building owners can use a storage element, such as BESSs
to reduce renewable energy curtailment and increase the self-
consumption potential of PV power and add flexibility to their
energy systems. They can reduce their dependency on grid
electricity which has high costs and taxes imposed by the
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electricity suppliers and service providers. Although BESSs
could be used to solve many of the mentioned problems, they
have not been yet widely used because of the poor investment
returns compared with the high investment and maintenance
costs [13].

The concept of P2X is the most promising alternative
to solve the problem of renewable energy intermittent
production. This key technology can potentially convert or
store excessive renewable energy into renewable synthetic
fuels, such as hydrogen, natural gas, and other liquid fuels.
Although P2X technologies provide sustainable solutions
for infrastructure conversion of renewable energies, a small-
scale feasibility study has shown that their application can
bring technical and economic barriers such as long start-up
preparation and high investments andmaintenance costs [12].

D. THE MAIN TECHNICAL CHALLENGES OF SOLAR
POWER IN FINLAND
In Finland, the peak electricity demand of households
occurs in winter while the peak power generation of PV
happens in summer. This non-simultaneity has presented
some challenges for Finnish customers including the increase
in excessive renewable energy, energy curtailment, and
the decrease in the profitability of RESs investments.
In the following, the mentioned challenges are examined
by presenting a real-world measurement for an electrically
heated residential building in Helsinki, Finland in 2022. The
building has 24 flats with 2-4 bedrooms and each flat has a
contracted demand of 7 kW. The roof area of this building
is assigned to solar panels with a power capacity of 30 kW.
Figs. 4(a) and (b) show the hourly load profile of the
apartment building and the power generation profile of its
corresponding rooftop solar PV system in 2022, respectively.
In these figures, the non-simultaneity of peak PV generation
and peak demand can be clearly seen in summer and winter.
By subtracting the residential load profile from the PV
generation profile, the residual PV generation profile is
obtained, as shown in Fig. 4(c). In this figure, positive values
represent renewable excessive energy, when PV generation is
higher than energy consumption.

For more details, Fig. 5 depicts a sample profile curve of
power consumption and PV generation of this building during
a summer day. As seen in this figure, the peak of generated
power, the red dotted line, even reaches about 20 kW in some
hours while the peak demand is about 12 kW. Fig. 6 shows a
histogram of the yearly excessive renewable energy of this
apartment building in 2022. In this apartment, the annual
energy consumption and solar PV energy generation are
estimated at about 77 and 37 MWh, respectively. Therefore,
the total hours with excessive energy and the total amount
of excessive renewable energy are calculated as 1659 hours,
and 15 MWh in 2022, respectively. In fact, about 40% of the
total PV generation is considered excessive energy due to the
non-simultaneity of PV generation and energy consumption
in this building.

FIGURE 4. (a) Hourly load profile, (b) solar power generation, and
(c) residual power of the apartment building.

FIGURE 5. Power consumption of the apartment building and the PV
production in a summer day.

FIGURE 6. Excessive renewable energy histogram for the residential
apartment building in 2022.

As mentioned earlier, the surplus energy can be either
sold into the main grid or stored in a BESS. The low price
of selling electricity to the main grid in Finland has made
the first option not economical. Regarding the application
of the second option, a BESS with a high energy capacity
is needed because of the non-simultaneity of generation and
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consumption which occurs seasonally; however, the BESSs
are usually employed for daily generation and consumption
shift or daily peak shaving, not seasonal shifts. In fact,
this excessive energy cannot be stored in one season and
consumed in another one. The reason is that the maintenance
cost of the solar PV system to preserve its stored energy for
such a long time is so expensive. These costs have made
the owners of the apartment forgo the storage and decide to
curtail the excessive renewable energy.

This paper proposes a novel method to store the excessive
energy of RESs as follows. Apartment owners can consume
excessive renewable energy by employing CMDs and storing
them in the form of cryptocurrency value and reducing their
generation uncertainty. This method, unlike BESSs, allows
customers for unlimited energy storage, as a result, enables
apartment building owners to make the most efficient use of
excess energy generated by their PV systems. In other words,
they can either sell it to the grid or store it as cryptocurrency,
depending on which option is more valuable at the time.

III. MODELING AND DESCRIPTION OF THE SYSTEM
In this section, a mathematical model of a grid-connected PV-
BESS system for a residential building is formulated. The
PV-BESS system includes a cryptocurrency mining load unit,
PV panels, a BESS, and residential loads.

A. CHARACTERISTICS OF CRYPTOCURRENCY
MINING LOAD
As mentioned before, a common solution to increase the
efficiency of RESs involves employing energy programs,
such as DR, which facilitate the efficient utilization of
RESs [32]. In DR programs, customers are motivated to shift
their electricity consumption from peak hours to off-peak
hours through monetary rewards or incentives. Additionally,
customers have the opportunity to shift electricity loads to
time slots with renewable energy generation to minimize
costs [33]. To implement DR programs effectively, loads
are categorized into two groups: dispatchable and non-
dispatchable loads [32]. Dispatchable loads, such as electric
vehicle charging, offer flexibility in terms of their consump-
tion timing, and their control does not cause inconvenience to
consumers. However, managing non-dispatchable loads, such
as lighting systems, can present challenges as controlling
their usage may disrupt consumer activities or comfort.
Furthermore, small-scale dispatchable loads, such as apart-
ment buildings, are classified into manual scheduling loads
and automatic scheduling ones [34]. The authors in [35]
considered two categories of electric appliances as automatic
dispatchable loads: the first category consists of appliances
with flexible start times, such as dishwashers, while the
second category comprises appliances with flexible power
usage, such as heating, ventilation, and air conditioning
(HVAC) systems.

Cryptocurrency mining loads can be considered dispatch-
able loads with the economic benefit of flexible start time
and flexible power usage. These loads can be scheduled to

initiate mining operations at specific times, taking advantage
of periods when the electricity price is lower or when
there is excess renewable energy available. Additionally,
the power consumption of cryptocurrency mining units
can be adjusted based on the overall demand and supply
of electricity, allowing for flexibility in response to grid
conditions and optimizing energy usage. The following
subsection introduces the load model for cryptocurrency
mining load, based on its profitability function.

B. CRYPTOCURRENCY MINING LOAD MODEL
By considering cryptocurrency mining operations as flexible
loads, miners have the ability to adjust their energy con-
sumption based on market conditions and profitability. The
profit function plays a crucial role in this control mechanism,
considering factors such as electricity price, mining difficulty,
and the value of the mined cryptocurrency. With this
approach, miners can dynamically control their loads, scaling
them up or down to alignwith fluctuations in electricity prices
or the availability of RESs. By leveraging the flexibility
of cryptocurrency mining loads and incorporating a profit
function, miners can enhance their overall profitability and
encourage investments in RESs.

As mentioned before, miners mine digital currencies
such as BTC by employing CMDs. Since BTC is the
most popular cryptocurrency by market capitalization, this
cryptocurrency is considered in this work. Assuming that at
time t , a set of CMDs (with similar specifications) consumes
PCMDt kWh of electrical energy, which includes the power
consumption of devices and cooling power, the amount of
revenue gained from cryptocurrencymining can be calculated
as follows [36]:

RevBTCt = (1 −MPFBTC ) × β
BTC,CMD
t × PCMDt (1)

where, β
BTC,CMD
t is the profit factor of cryptocurrency

mining loads depending on the parameters of the BTC
network and the characteristics of the installed CMDs. This
factor is calculated as follows [36]:

β
BTC,CMD
t =

3600×αBTC × ρCMD ×
(
1 − γ cooling

)
×λBTCt

232 × δBTCt × PCMDD

(2)

The number of running CMDs at this time can be evaluated
as follows:

NCMD
t =

(
1 − γ cooling

)
× PCMDt

PCMDD

(3)

To reach this revenue, the owner of CMDs must also
pay some costs. Part of these costs is related to the cost of
supplying electrical energy to run the CMDs, and another part
is related to the depreciation cost of CMDs. The depreciation
cost of a CMD is the cost paid by the owner over a certain
period to earn revenue from it. At the end of the useful life
(UL) the aggregated depreciation cost is equal to the purchase
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price of the CMD. Therefore, the depreciation cost of a CMD
can be calculated as follows [37]:

DCCMD
t =

ir × NCMD
in × PPCMD

8760 ×

(
1 − (1 + ir)−UL

CMD
year

) (4)

Finally, based on the actual measurement data presented
in [38], the power consumption of CMDs in idle mode
is negligible compared to their power usage during active
mining operations. Therefore, this paper assumes that when
the CMDs are not powered by the rooftop solar PV systems
and are lying idle, there is no running cost or energy
utilization.

C. PV GENERATION MODEL
The intermittent nature of solar radiation causes uncertainty
in the power generation output of the solar PV system. In a
certain meteorological condition with a specific level of solar
radiation, ambient temperature, andwind speed, the predicted
output power of a typical PV unit can be calculated as
follows [39]:

PPVt = ηPV × APV × I rt × cos θt (5)

where, θ is the angle between the incoming solar radiation
ray and the normal line perpendicular to the PV module
surface. Solar irradiance is an uncertain variable and highly
depends on atmospheric conditions, seasons, radiance angle,
etc. Historical data for solar irradiance corresponding to
Helsinki, Finland in 2022 is employed to estimate the output
power of a rooftop solar PV system. The depreciation cost of
this system can be calculated as follows:

DCPV
t =

ir × TCPV
× PcapPV

8760 ×

(
1 − (1 + ir)−UL

PV
year

) (6)

where, TCPV is the total cost of the PV per kW including
investment, operating, and maintenance costs.

D. BESS MODEL
The hourly stored energy in the BESS and its operational
constraints can be modeled in the following equations [36]:

EBESSt = EBESSt−1 + ηch × Pcht × 1t −
1

ηdch
× Pdcht × 1t

(7)

Emin ≤ EBESSt ≤ Emax (8)

0 ≤ Pcht ≤ I cht × Pmaxch (9)

0 ≤ Pdcht ≤ Idcht × Pmaxdch (10)

0 ≤ I cht + Idcht ≤ 1 (11)

The depreciation cost of BESS can be calculated as
follows:

DCBESS
t =

ir × TCBESS
× Emax

8760 ×

(
1 − (1 + ir)−UL

BESS
year

) (12)

where, TCBESS is the total cost of BESS per kWh including
investment, operating, and maintenance cost.

E. RESIDENTIAL LOAD MODEL
As mentioned in section II.F, the hourly load data is
considered for a residential apartment building in Helsinki,
Finland in 2022. The building has 24 apartments. Fig. 7 shows
the energy consumption of this residential apartment during
one week of winter and summer in 2022. As can be seen in
Fig. 7, the energy consumption of this apartment building in
winter is more than in summer.

FIGURE 7. Energy consumption of the 24-unit residential apartment
during one week of winter and summer.

F. ELECTRICITY PRICE MODEL
In Finland, the electricity price is based on the Nordic
electricity market which is known as the Nord Pool day-
ahead spot market. In this country, the total electricity price
includes three parts: the price of electrical energy, the price
of electricity network service (transfer fee), and the energy
tax. For residential electricity prices, in most cases, each part
of the price is approximately one-third of the total electricity
price [40]. Usually, the electricity purchase price from the
main grid is higher than the selling price to one.

The energy tax and distribution price are included in the
electricity purchase price from the main grid or retailer,
but not in the selling price to the main grid. Therefore,
it represents a significant difference between these prices.
In the case study of this paper, hourly historical data for the
electricity market price of households in Finland in 2022 is
employed. Fig. 8 shows a sample of this dataset for several
days in 2022 [41]. As seen in this figure, in colder seasons, the
electricity market price is usually higher than that in warmer
ones because of the higher energy consumption of electrically
heated residential buildings.

G. INTEGRATION OF ALL COMPONENTS
Fig. 9 depicts a complete system architecture of an apartment
building connected to the main grid including rooftop solar
PV systems, residential loads, BESSs, and cryptocurrency
mining loads. Also, this system contains a communication
network and control units that ensure the safe and optimal
operation of the system. In this system, the apartment building
central controller (ABCC) coordinates the local controllers
by employing micro source controllers (MCs) and load
controllers (LCs). MC is a local controller responsible for
controlling and monitoring the local power generation or
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FIGURE 8. Electricity price for households in different days in Finland in
2022.

FIGURE 9. Proposed system integrated with RESs, BESS, residential loads,
cryptocurrency mining load and control units.

energy storage units. LC is a local controller responsible for
controlling andmonitoring the local load. This sample system
will be used as optimization problem input in the following
section.

Apartment buildings, like the MGs, to convey their
purpose, energy delivery with a guaranteed level of power
quality and reliability, must be operated under the control
of apartment owners/operators. Apartment owners/operators,
by employing their assets properly and running an optimiza-
tion problem, try to minimize total electricity cost and reduce
the dependence on the main grid. This process is called a
building energy management system (BEMS), as depicted in
Fig. 9. Implementing the BEMS for an apartment building
is formulated by a cost-based optimization problem trying to
minimize the cost. The output of the problem determines the
flow and quantity of power of the main grid, RESs, and the
BESS’ charge/discharge state at every time.

H. APPLICABILITY AND ENABLERS OF THE PROPOSED
SYSTEM
The applicability and enablers of using excessive renewable
energy of rooftop solar PV systems in apartment buildings for
cryptocurrency mining will depend on several factors such
as the availability of renewable energy, the cost of electric-
ity, the availability of specialized CMDs, the profitability
of cryptocurrency mining, etc. However, employing this
technology can have some applicability aspects in Finland.
Firstly, there is a huge amount of excess solar energy due

to the non-simultaneity generation and consumption which is
resulted from peak power consumption in winter and the peak
power generation of solar PV systems in summer. Secondly,
this technology allows for the utilization of excess solar
energy that would otherwise be curtailed or exported to the
main grid at a low electricity price. This not only reduces
the customers’ billing costs but also encourages the use of
RESs in apartment buildings. Furthermore, recent advances
in cryptocurrency mining technology, such as the use of
ASICs, have made it feasible to conduct small-scale mining
operations in apartment buildings.

In order to make this technology applicable, advanced
energy management systems need to be employed to monitor
and control the energy flow of apartment buildings. There-
fore, the next section presents a novel BEMS optimization
model for a grid-connected PV-BESS system to optimally
switch the output of excessive renewable energy between
exporting to the main grid, storing in BESSs, and mining
cryptocurrency.

IV. PROPOSED BUILDING ENERGY
MANAGEMENT SYSTEM
Fig. 9 shows an apartment building consisting of DERs (solar
panels and BESSs), and residential loads. As mentioned
before, the excessive renewable energy in the apartment
building is usually sold to the main grid at a relatively lower
electricity price, which reduces income and, as a result,
decreases the motive of consumers to utilize RESs. To solve
this problem, the following subsections present different
practical strategies/scenarios to encourage investments in
rooftop solar PV-BESS systems by employing CMDs to
store excessive renewable energy in cryptocurrency value
such as BTC. This paper presents five possible and prac-
tical scenarios/strategies for investing in and implementing
methods to enhance revenue and reduce costs associated with
the deployment of rooftop solar PV systems in apartment
buildings.

In the following subsections, at first, the typical BEMS
formulation for a grid-connected apartment building without
the installation of BESS and CMDs is introduced as the
first scenario. Then, four operational scenarios shown in
Fig. 10 are considered along with related BEMS frameworks
to minimize the cost of an apartment building. Respectively,
Fig. 10 depicts the system configuration for all operational
scenarios for a grid-connected apartment building with
a rooftop solar PV system. In each of the proposed
scenarios, the optimization problem will determine the
optimal operation of BESS, the power exchange between the
apartment building and themain grid, and the optimal number
of CMDs.

A. SCENARIO I: PV ONLY (BENCHMARK SCENARIO)
In the first scenario, the owners of the apartment building
decide to supply their electricity demand by investing in a
rooftop solar PV system and the remainder of the energy by
importing from the main grid. In this case, the PV power is
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FIGURE 10. System configuration for different proposed scenarios of a grid-connected apartment building with rooftop
solar PV systems.

the main supplier of electricity for the building and when the
PV power exceeds the demand of the building, the excessive
power is exported/sold to the main grid. In this situation, the
BEMS formulation is an optimization problem to minimize
the cost of building as follows:

FobjSC,I = Min
[∑T

t=1

(
λimt × Pimt + DCPV

t − λext × Pext
)]
(13)

The operational constraints include the load balance and
the transmission power limit as follows:

Pimt + PPVt = Pext + Prest (14)

− Pmaxl ≤ Pimt + Pext ≤ Pmaxl (15)

In (13), the first term represents the cost of purchasing
power from the main grid. The second term deals with the
depreciation cost of the rooftop solar PV systems including
investment, operation, and maintenance costs. The third term
denotes the income of the apartment owner by exporting
excessive renewable energy to the main grid. Equation (14)
represents the power balance in the apartment building’s point
of common coupling (PCC). The maximum exchange power
between the apartment and the main grid is constrained by the
building-to-grid line loading limits as (15). This maximum
exchange power limit is the same for all other proposed
strategies.

B. SCENARIO II: PV AND BESS
In the second scenario, a BESS is added in parallel with
the rooftop solar PV system. In this case, the BESS can be
charged or discharged depending on the amount of excess
energy generated from the PV system and the electricity
price. The state of the BESS is determined from the
optimization results of the BEMS as follows:

FobjSC,II

= Min
[∑T

t=1

(
λimt ×Pimt + DCPV

t + DCBESS
t −λext ×Pext

)]
(16)

In this strategy, the constraints of the objective function
include the load balance, exchange power limit, and EESS
requirement. Equations associated with the BESS are pre-
sented in subsection III-C and the load balance equation
is modified as follows:

Pimt + PPVt + Pdcht = Pext + Prest + Pcht (17)

In fact, in this strategy, the depreciation cost of the BESS
and the charge/discharge power are added to the objective
function and load balance equation of the previous strategy,
respectively. This paper proposes the return on investment
(ROI) as an index for the profitability analysis of the
presented scenarios. The ROI index is defined by dividing
the profit earned on an investment by its costs. The following
equation is employed to evaluate the ROI index for this
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scenario:

ROISC,II =
FobjSC,II − FobjSC,I

T∑
t=1

DCBESS
t

(18)

C. SCENARIO III: PV, BESS, AND DEMAND RESPONSE
PROGRAM
In this scenario, rooftop solar PV systems are combined
with a BESS and a simple DR program. The DR pro-
gram enables the system to communicate and coordinate
with electricity consumers, encouraging them to reduce
or shift their electricity usage during periods of high
demand or grid instability. By integrating demand response,
the system can better manage peak loads and improve
overall grid reliability and stability. In this paper, the
following equations are considered to model a simple DR
program [42].

(1 − µmin)×Prest ≤ PDRt ≤ (1 + µmax)×Prest (19)∑T

t=1
PDRt =

∑T

t=1
Prest (20)

Equation (19) defines the range of demand variations,
while equation (20) states that the total energy consumption
of the consumer does not change over the operating
horizon. In this scenario, both the objective function of the
BEMS and the ROI index remain similar to the previous
scenario. However, the load balance equation is modified as
follows:

Pimt + PPVt + Pdcht = Pext + PDRt + Pcht (21)

D. SCENARIO IV: PV AND CMDS
In scenario III, the electrical energy storage and demand
response program are used to add flexibility to the energy
system of an apartment building to reduce the energy
consumption and the associated cost of the building; however,
the BESSs are not yet widely employed in Finland because
of the high investment cost and their limited energy capacity.
Therefore, to address this issue, this paper proposes a control
and hedging mechanism that could encourage investments
in rooftop solar PVs with BESSs and reduce the risk by
investing in cryptocurrency mining facilities.

In this scenario, the system integrates PV systems and
controllable CMDs as a dispatchable and profitable load in
all seasons. The proposed control framework can manage
and coordinate CMDs to adjust their power consumption and
start time flexibly. This scenario allows for optimizing the
profitability and energy utilization of the CMDs throughout
the year. By incorporating control capabilities, the system
can dynamically adjust the power consumption and starting
time of the CMDs based on system conditions, energy
availability, electricity price, and profitability function. This
flexibility enables the system to align the cryptocurrency
mining activities with the optimal utilization of PV generation
and stored energy from the BESS, resulting in improved

efficiency, profitability, and overall system performance
across all seasons. In fact, the proposed solution allows
apartment building owners to optimally switch excessive
renewable energy between exporting to the main grid and
mining cryptocurrency depending on the relative values
of each one. In this strategy, the objective function of
the BEMS and the load balance equation are modified
as follows:

FobjSC,IV = Min
[∑T

t=1

(
λimt × Pimt +DCPV

t +DCCMD
t

− λext × Pext − RevBTCt

) ]
(22)

Pimt + PPVt = Pext + Prest + PCMDt (23)

The presented objective function in (22) includes five
terms. The first, second, and fourth terms were explained
before. The third term presents the depreciation cost of
CMDs. The last term presents the revenue of apartment
building owners employing CMDS as shown in (1). Also,
the power demand of CMDs is added to the load balance
equation. Finally, to limit the amount of power and number
of CMDs, two constraints should be considered in the BEMS
model as follows:

0 ≤ PCMDt ≤ (1 + γ cooling)×NCMD
in × PCMDD (24)

0 ≤ NCMD
in ≤ NCMD−max

in (25)

Constraint (24) imposes limits on the power consumption
of cryptocurrency mining facilities that can be installed by
apartment building owners to minimize building costs via
the proposed BEMS optimization problem. In (24), γ cooling

and PCMDD represent the power ratio used for cooling down
cryptocurrency mining facilities and the power consumption
of a single CMD device, respectively. Constraint (25) bounds
the optimal number of single-type CMDs, considering the
space limitations of the building’s roof. The following
equation is employed to evaluate the ROI index for this
scenario:

ROISC,IV =
FobjSC,IV − FobjSC,I

T∑
t=1

DCCMD
t

(26)

E. SCENARIO V: PV, BESS, AND CMDS
In this proposed scenario, the owners of the apartment
building decide to supply their electricity demand by
investing in a rooftop PV system, a BESS, and importing
from the main grid. Also, to hedge the investment of PV and
BESS, cryptocurrency mining facilities are employed. The
objective function of the BEMS and the load balance equation
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are modified as follows:

FobjSC,V

= Min
[∑T

t=1

(
λimt × Pimt + DCPV

t + DCBESS
t

+ DCCMD
t − λext × Pext − RevBTCt

) ]
(27)

Pimt + PPVt + Pdcht

= Pext + Prest + PCMDt + Pcht (28)

In this strategy, two constraints (24) and (25) are consid-
ered to limit the amount of power or the number of CMDs,
similar to scenario IV. Finally, the following equation is
employed to evaluate the ROI index for this scenario:

ROISC,V =
FobjSC,V − FobjSC,I

T∑
t=1

(
DCBESS

t + DCCMD
t

) (29)

The following section presents a practical case study to
demonstrate the effectiveness of the proposed hedging
mechanism in more detail.

V. CASE STUDY AND NUMERICAL RESULTS
In order to investigate the effectiveness of the proposed
hedging mechanism, this section studies a practical test sys-
tem with grid-connected PV-BESS in a residential apartment
building in Helsinki, Finland which includes real-world data,
and it presents the implementation results of this mechanism
in 2022.

A. DATA PREPARATION
In this subsection, the input data used in this case study are
explained. These data include different datasets: economic
and technical data of components, data of main grid (elec-
tricity rate), residential load data, and meteorological data.
In this work, real-world measurement data of a residential
building apartment in Helsinki (Finland) have been employed
to investigate the effectiveness of the proposed mechanism.
The building has 24 apartments. Approximately, half of the
roof area is assigned to solar panels with an efficiency of
21% and a total power capacity of 30 kW. Note that as
the study aims to investigate the application of BESSs and
cryptocurrency miners in a renewable energy-based system,
the investment cost of solar panels is not considered in the
case study.

To conduct a more precise analysis, the power demand
of the apartment was recorded with a one-hour sampling
resolution in the year 2022. Fig. 4(a) shows the demand
profile of the apartment building. For more details, Fig. 11
illustrates the average load profile of the apartment building
during four periods of the year 2022. The power exchange
limitation between the apartment and the main grid is
assumed to be 40 kW. To obtain the actual electricity pricing
rate of buying from the main grid, day-ahead electricity

FIGURE 11. Seasonal load profiles during four periods of the year (Jan.
2022 - Dec. 2022).

prices for households in Finland in 2022 are employed which
includes all components of the electricity bill such as the
cost of power, distribution, and taxes. For example, Fig. 8
depicts the electricity rate for different days of the year 2022.
As mentioned in Section III, the price of selling electricity to
the main grid is assumed to be one-third of the price of buying
electricity from it.

FIGURE 12. Solar radiation in Finland in 2022: (a) yearly data and (b)
daily data.

Actual historical data of solar radiation and angle of
incidence in Helsinki in 2022 have been employed to evaluate
the PV power generation as shown in Fig. 12(a). For more
details, Fig. 12(b) shows the daily solar radiation in different
seasons in Finland.

Tables 1 and 2 present characteristics of the CMDSs [43]
and BESS [44] used in the case study, respectively. As shown
in Table 1, the three most popular CMDs with different
characteristics and prices have been considered to mine
the cryptocurrency. In addition, Table 3 presents the values
of the other selected parameters for analysis. In the case
study, the difficulty level of the BTC network and the BTC
price are obtained from [45] over one year, from January
to December 2022. Besides, the block reward value of
the BTC network and Cryptocurrency mining pool fee are
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TABLE 1. Characteristics of the CMDs used in the case study.

TABLE 2. Characteristics of BESS used in the case study.

TABLE 3. Parameters fixed for simulation and analysis.

assumed to be 6.25 BTC and 5%, respectively. Finally,
according to the geographical conditions and climate of
Finland, the cooling factor of mining is considered zero. The
proposed BEMS optimization problem has been solved for
each strategy/scenario separately using the CPLEX solver in
the GAMS (Generalized Algebraic Modeling System) soft-
ware [46], while the machine possesses Intel®coreTMi5-
11600 CPU2.80 GHz and 32GB of memory.

B. OPTIMIZATION RESULTS
This subsection presents the output results of the proposed
mechanism to hedge investment of the grid-connected PV-
BESS system in a residential apartment building in Helsinki,
Finland in 2022. Table 4 presents the output results of
operating four proposed scenarios. In the scenarios with
CMDs, the results for employing different CMDs are also
depicted. In this table, for each scenario, the first line
presents the optimized number of CMDs for each device,
and the most profitable candidate can be employed for doing
cryptocurrency mining business by the building owners. The
next two lines are related to the annual income of the building

due to cryptocurrency mining and the sale of electricity to the
main grid.

In the third line, the optimized number of CMDs for each
device is presented, and the most profitable candidate can be
employed for doing cryptocurrency mining business by the
building owners. In the fourth line, the annual cost of buying
electricity from the main grid is depicted. In the fifth and
sixth lines, the annual investment cost of BESS and CMDs
are presented, respectively. Finally, the three last lines of the
table present the annual total cost of the apartment building
and the ROI economic index for participating in each of
the proposed scenarios. It should be noted that in using this
index for economic analysis, all scenarios are compared to
the benchmark scenario.

FIGURE 13. The electrical power dispatch of apartment in benchmark
scenario on: (a) Summer day and (b) winter day.

The results presented for the benchmark scenario show that
as expected, the excessive renewable energy is exported to the
main grid. Figs. 13(a) and (b) depict the economic electrical
power dispatch for a sunny summer day and a winter day in
2022, respectively. As seen in Fig. 13(a), due to the excess PV
generation and the low energy consumption of the apartment
building in the summer day, a part of the PV generation is
exported to the main grid between 08:00 AM and 04:00 PM,
while the rest is consumed by the apartment. In these hours,
the power imported from the main grid remained at the least
possible amount. Apartment building owners can employ
BESSs, DR programs, and CMDs instead of exporting/selling
this excessive renewable energy to themain grid at a low price
to reduce their costs. These solutions will be examined in the
next scenarios.

The winter day power dispatch is quite dissimilar to the
summer day as shown in Fig. 13(b). Due to the low PV
power generation and the high energy consumption of the
electrically heated residential buildings in the winter day,
a major portion of the electricity demand is supplied from
the main grid. With this condition in mind, in this scenario,
the revenue of the building covers only a small part of its
annual cost. Such a result highlights the importance of the
BESS or CMDs in parallel with rooftop solar PV systems,
which presents a hedging mechanism for apartment building
owners to optimally utilize their RESs.
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TABLE 4. The results of the proposed hedging mechanism for residential apartment building in finland in 2022.

In scenario II, PV generation parallel with a BESS, the
results show that investing in BESS along with the PV
generation has reduced the annual cost of the building by
1.6% (considering the investment cost of the BESS) and has
an ROI of 12%. Such a result was expected due to the special
conditions of Finland, and the mismatch between peak solar
generation and consumption load. Since BESS is typically
used for daily peak shaving due to its limited energy capacity,
not seasonal storage, therefore investment in this system is
not economical for building owners. For more illustration,
Fig. 14 shows the results of scenario II for a summer day in
2022 including economic electrical power dispatch and stored
energy in the BESS.

As seen in Figs. 14(a) and (b), both in the early morning
and during excess energy generation, the BESS is charged,
and when the electricity price is high, it is discharged to
reduce the amount of imported power from the main grid. But
as mentioned before, the high investment and maintenance
cost of BESS does not attract building owners to invest in this
scenario. This process (charge/discharge of BESS) has little
effect on reducing the cost of the building due to the low PV
generation in winter days.

In Scenario III, the findings demonstrate that investing in a
BESS and employing a simple DR program for optimal use of
excess renewable energy can yield economic feasibility. This
approach results in a reduction in the total annual cost of the
apartment building and an increase in the ROI index by 2.7%
and 21.3%, respectively. However, it can be concluded that
the implementation of this scenario may not be particularly
appealing to apartment building owners because BESSs and
demand response programs are usually employed for daily
generation and consumption shift or daily peak shaving,
rather than addressing seasonal shifts.

The results presented for scenario IV show that investing
in cryptocurrency mining facilities for optimal use of
excess renewable energy has very high economic feasibility
compared to BESS and leads to a significant reduction in a
total annual cost of the apartment building and an increase in
the ROI index. Based on the presented results, Whatsminer
M50S is an optimal CMD for these apartment owners, which
is superior to other types. Also, the optimized number of

FIGURE 14. The electrical power dispatch of apartment in scenario II on a
summer day: (a) Generation and consumption and (b) Stored energy in
the BESS.

CMDs would be 10. By implementing this scenario, the
reduction of the building’s annual cost and the ROI index
are calculated as 68.1 and 57.7 percent, respectively. In fact,
with this proposed mechanism, in addition to the optimal use
of surplus energy, building owners invest in a business that
has a reasonable return on investment, which also encourages
future investment in rooftop solar PVwith BESS systems and
mitigate their investment risk.

Figs. 15(a) and (b) depict the economic electrical power
dispatch of scenario IV for summer day and winter day in
2022, respectively. As shown in Fig. 15(a), in the summer
day, it is economical for building owners to store all excessive
renewable energy in value (BTC in this case study) instead
of exporting to the main grid. Respectively, even in the
early morning or late night when the electricity price is
very low, they can import electricity from the main grid to
mine cryptocurrency. In the winter day, the results are quite
dissimilar to the summer day as shown in Fig. 15(b). Due
to the low PV generation, high energy consumption of the
building, and high electricity price in the winter day, turning
on the CMDs has no economic feasibility. Fig. 15(c) depicts
the load profile of the installed CMDs in a summer day and
a winter day. As seen in this figure, in a summer day, it is
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FIGURE 15. The electrical power dispatch of apartment in scenario IV: (a)
Summer day, (b) winter day, and (c) mining demand in summer day and
winter day.

economical tomine BTCwhen there is excess energy or when
the price of electricity is low, while it is not economical at any
time in the winter day.

FIGURE 16. Electricity price and profit factor of the CMDs in a summer
day.

For additional information, Fig. 16 shows the cost of
purchasing electricity from the main grid and the revenue
generated by CMDs on a summer day. As can be seen in this
figure, CMDs are being utilized during the hours of 1-5 and
22-24 when there is a need to import power from the grid.
This is due to the fact that the cost of purchasing electricity
from the main grid is lower than the revenue generated from
CMDs. It should be noted that this trend applies to many
summer days. For example, Fig. 17 depicts the load profile
of cryptocurrency mining demand during a summer week.
As seen in the figure, it is economically viable to import
electricity from the main grid to mine cryptocurrency even
during the early morning or late at night when the electricity
prices are very low.

In scenario V, PV generation parallel with BESS and
CMDs, the presented results in table 3 show that simultaneous
investment in BESS and CMDs for optimal use of surplus
energy is not as profitable as the previous scenario, and

FIGURE 17. Load profile of the mining demand in a summer week.

FIGURE 18. The electrical power dispatch of apartment in scenario V: (a)
Summer day, (b) winter day, and (c) mining demand in summer day and
winter day.

the reason for this is the high investment cost of BESS.
But the implementation of this scenario reduces the annual
cost of the apartment building by 66.4% and achieves an
ROI index of 50.8%. Figs. 18(a) and (b) show the economic
electrical power dispatch of scenario V for a summer day and
winter day in 2022, respectively. As seen in Fig. 18(a), it is
economical to purchase and import electricity from the main
grid to charge the BESS in times when the electricity price
is low so that more CMDs can be turned on at other times.
But in the winter day, as mentioned before, the results are
quite dissimilar to the summer day as shown in Fig. 18(b).
Fig. 18(c) shows the load profile of cryptocurrency mining
load in a summer day and a winter day. As seen in this figure,
the mining load is higher compared to scenario VI (PV and
CMDs) in some hours in a summer day. However, there is no
economic feasibility for mining cryptocurrency on a winter
day due to low PV generation and high electricity costs.

For more details, the simulation results indicate that in
scenario III, the average and maximum number of running
CMDs (for CMD3) are approximately 5 and 10, respectively.
In contrast, scenario V yields values of 6 and 10 for
the average and maximum number of running CMDs,

VOLUME 11, 2023 66341



M. Hajiaghapour-Moghimi et al.: Hedging Investments of Grid-Connected PV-BESS in Buildings

respectively. Although the use of BESS in scenario V
increases the average number of running CMDs, its high
investment and maintenance costs result in a lower ROI com-
pared to the previous scenario. In the following discussion
subsection, the results are presented by changing the capacity
of BESS to investigate its impact on this study.

VI. DISCUSSION
A. IMPACT OF BESS CAPACITY
The previous subsection presents the results of the imple-
mentation proposed hedging mechanism employing BESS
with a capacity of 13.5 kWh. In this subsection, the effect
of changing the BESS capacity in scenario IV, PV generation
with BESS and CMDs, on the economic energy management
of the apartment building is investigated. It is expected the
capacity of the BESS affects the profitability of the apartment
building due to its high investment and maintenance costs.
Therefore, in this subsection, a sensitivity analysis of the
BESS capacity is investigated, focusing on the annual cost
of the apartment and the profitability of the investment.

FIGURE 19. Spider diagram of the change of ROI index compared to the
base case.

In the base case, as shown in the previous subsection,
the capacity and charging/discharging limit of BESS are
supposed equal to 13.5 kWh and 6 kW, respectively. These
parameters simultaneously change from 0 to 2 times their
base value to show the change in the results. Figs. 19 and 20
show the spider diagram to present the trend of the ROI index
and the annual cost of the apartment building (in percent),
respectively, if compared with the base case. As clearly seen
in these figures, the capacity of the BESS has a great impact
on the profitability of the apartment building; therefore,
by increasing its capacity, it results in a significant decrease
in ROI and an increase in the annual cost of the building.
For further discussion, if this system is combined with a
high-capacity BESS, it can benefit from the increased storage
capacity offered by the BESS. In this case, the BESS’s high
capacity can allow it to adequately address the seasonal
shift caused by the fluctuations in solar PV generation and
customers’ energy consumption. For example, if the BESS
capacity is assumed to be 100 times higher than the standard
capacity, it is evident that the rise in BESS investment cost
leads to higher building expenses and a decline in the return
on grid-connected PV-BESS investment.

FIGURE 20. Spider diagram of the change of the annual cost of
apartment compared to base case.

TABLE 5. The results of proposed uncontrollable and controllable
operation for CMD3.

B. IMPACT OF CONTROLLING CRYPTOCURRENCY
MINING LOAD
In Scenario V, the system integrates PV systems, a BESS,
and controllable CMDs as a dispatchable and profitable
load, it is evident that the proposed control framework
can manage and coordinate CMDs to adjust their power
consumption and start time flexibly. This scenario allows
for optimizing the profitability and energy utilization of
the CMDs throughout the year. In fact, by incorporating
control capabilities, the system can dynamically adjust the
power consumption and starting time of the CMDs based on
system conditions, energy availability, electricity price, and
profitability function. This subsection analyzes the impact
of controlling the cryptocurrency mining load within the
proposed BEMS. It is assumed that the system consists of
PV systems, a BESS, and uncontrollable CMDs that act as
a constant common and profitable load during the spring,
summer, and autumn seasons.

Table 5 presents the output results of the proposed
uncontrollable and controllable operation for CMD3. The
results indicate that investing in CMDswithout implementing
an intelligent controlling algorithm for the optimal utilization
of excess renewable energy is economically unfeasible. This
approach leads to an increase in the total annual cost of the
apartment building by 4.5%. In this case, due to modeling
the cryptocurrency mining load as a common and profitable
load and not controlling it, the CMDs have been continuously
on, which has caused this case to be unprofitable. In fact,
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these results demonstrate that if the cryptocurrency mining
loads are treated as regular loads and do not utilize flexible
power and flexible start time in managing them, mining
can become unprofitable sometimes and result in a loss.
Nevertheless, the results presented for the controlling case
indicate that by considering cryptocurrency mining load as a
dispatchable load with flexible start time and flexible power
and implementing the proposed intelligent control algorithm
in BEMS studies based on its profitability function, it can lead
to a significant reduction in building costs and increase the
profitability of the grid-connected PV project.

Even though this work applies the proposed controlling
and hedging mechanism to a residential apartment building
in Helsinki of Finland, however, this approach can be easily
adapted to other regions and countries in the world, if the
investment in RESs has some degree of flexibility.

VII. CONCLUSION AND FUTURE WORKS
A. SUMMARY AND CONCLUSION
The dramatic increase in retail electricity prices over the
last months in Finland has made customers increasingly
interested in employing small-scale RESs such as rooftop
solar PV systems to generate cheap renewable energy and
reduce their electricity costs. Due to the maritime and
continental climate of Finland, investing in the PV system
faces some unique challenges including non-simultaneity
of PV generation and energy consumption, increase in
the excessive renewable energy, energy curtailment, and
profitability reduction. Conventional solutions such as BESS
are unable to address the arisen concerns due to the non-
simultaneity generation and consumption which resulted
from peak power consumption in winter and the peak power
generation of solar PV systems in summer.

In this paper, a hedging mechanism is presented to
encourage investment in a rooftop solar PV system and
by investing in cryptocurrency mining facilities to store
excessive renewable energy in cryptocurrency value. This
proposed approach allows customers to optimally switch
excessive energy between electricity and cryptocurrency
value depending on the relative prices of electricity and
cryptocurrency. The typical BEMS formulation for a grid-
connected apartment building is presented as the benchmark
scenario. Then, three operational strategies are presented
including BESS and CMDs along with related BEMS
frameworks to minimize the annual electricity costs of the
apartment building. Using a case study of a residential
apartment building in Helsinki, Finland, involving different
CMDs, it has been shown that employing the proposed
hedging mechanism will result in sufficient encouragement
to invest in PV systems and decrease the annual cost of
residential apartments.

B. FUTURE WORKS
This paper has demonstrated the feasibility of cryptocurrency
mining with renewable energy in apartment buildings and

identified several key factors that affect the profitability and
sustainability of such operations. However, several areas
require further investigation. Future work in this field could
include:

• Investigating the potential impact of cryptocurrency
mining with renewable energy on the building’s elec-
trical infrastructure and identifying strategies to ensure
that the building’s electrical system can accommodate
the energy resources which are required for the mining
system operation.

• Exploring the potential for using blockchain technology
to enable peer-to-peer energy trading among apartment
building tenants with renewable energy systems and
investigating the potential benefits and challenges of
such an arrangement.

• Investigating the potential impact of government poli-
cies and regulations on the adoption of renewable
energy-powered cryptocurrency mining in apartment
buildings and identifying strategies to promote more
widespread adoption.

• Exploring the potential for using artificial intelligence
and machine learning algorithms to optimize the energy
efficiency and profitability of cryptocurrency mining
with RESs in apartment buildings.

Continuing towork on these research directions, it is expected
to discover new opportunities and challenges associated with
cryptocurrency mining with renewable energy in apartment
buildings and to identify new strategies to promote sustain-
able and profitable cryptocurrency mining operations.
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