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Abstract

The purpose of this study is to invesƟgate the use of thermal storage in building integrated pho-
tovoltaic (BIPV) systems for reducing energy demand during peak hours and to increase the self-
consumpƟon. With the rapid increase in electrical appliance use, the energy usage is becoming in-
creasingly demanding on the power grid. With the increase of demand comes inevitable changes
to the electricity tariffs, and the uƟlity may decide to limit the usage of electricity at certain hours
of the day. Therefore, it is important to study the techno-economic performance of buildings
with different storage opƟons. A BIPV system for a typical household is analyzed in a mathemaƟ-
cal model to study the effects of electric water heater (EWH) under grid constraints. Through the
control of EWH based on current restricƟons it was observed that the EWH successfully increased
the self-consumpƟon of the building with 4 %. The economic assessment saw a decrease in lev-
elized cost of energy (LCOE) of 7 ØRE/kWh. These indicators can be further improved by increas-
ing tank size as well as maximum allowable temperature. Furthermore, by making the household
more reliable on the water heater, the self-consumpƟon can also increase. Overall, the proposed
logic for current regulaƟon of the EWH proved to lower the the peaks, though further research
has to be done in relaƟon to applicability of EWH as a storage opƟon.
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Chapter 1

IntroducƟon

To make the electrical grid greener and more demand-side focused and to make the transiƟon
into a ”smart grid,” it is recommended by the European commission that all new houses built in
2020 and forward should be near zero energy buildings(nZEB)[1]. To manage the energy demand
for new buildings and reduce its dependency on the grid, generaƟng renewable energy through
solar power can reduce the net energy demand. Building-integrated photovoltaics (BIPV) systems
will contribute to making buildings near net-zero energy. Due to the intermiƩency of solar power,
energy storage will contribute to making the system more energy-efficient and demanding side
focused. Azmi [2] reported that through proper energy storage, the energy performance of the
buildings could be improved in regards to grid constraints.

There have been studies focused on BIPV systems, both grid and off-grid, as reported by P.
Sharma et. Al.[3], it is reported that these energy systems do not consider the impact of grid
constraints. The conƟnuaƟon of the study researched the techno-economic impact of baƩery
storage in a BIPV system under grid constraints[4], though it is important to further invesƟgate
BIPV systems for techno-economic assessment, incorporaƟng different storage opƟons, such as
thermal storage, with the inclusion of grid constraints.

Exploring alternaƟve storage opƟons is important for making building near-zero energy. Con-
sidering Nordic countries, where solar intermiƩence is a concern, geƫng themost out of the BIPV
system through proper storage is important. Hirvonen et. Al[5] reports that electric heaƟng can
significantly increase the self-consumpƟon of buildings. Considering the added expense baƩery
storage would bring, and the environmental impact of digging for precious metals and their pro-
ducƟon, different storage opƟons must be studied. Thus the use of electric water heater (EWH)
for energy storagemay reduce the environmental impact and bring economic costs down for both
consumer and energy distributor.

1.1 Background

In many European countries, the electricity demand conƟnues to rise[6], and it is becoming in-
creasingly difficult tomeet the individual demand for electricitywithout over-expanding thepower
grid. The European Commission has idenƟfied the building sector as one of the key sectors in
achieving the 20/20/201 targets of EU. Figure 1.1 presents the electricity consumpƟon of the dif-
ferent sectors in Noway in 2017.[7].

120% of greenhouse gas emissions compared to 1990, 20% energy savings by 2020 (compared to a business as
usual scenario) and 20% share of renewables in 2020[1]

1
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Figure 1.1: Share of Electricity consumpƟon in Norway - 2017

The staƟsƟcs show that 34% of electricity consumpƟon comes from households and agricul-
ture, thus making this sector a notable contribuƟng factor. As menƟoned, the European Commis-
sion has recommended that all new houses built in 2020 and forward should be near zero energy
buildings. The target for Norway considering the 20/20/20 goals is that all new construcƟon built
in 2020 should be near zero energy (2014 for public buildings)[1].

A zero-energy building (ZEB) is a house or building with a net annual energy demand of zero.
The use of energy in the building does not have to be zero, as long as the generaƟon of renewable
energy sources compensates for the demand[8]. A near-zero energy building (nZEB) is defined by
the European Commission as a building with very high energy performance, in accordance with
Annex 1[1]. Due to this legislaƟon, it is important to develop the most effecƟve soluƟons for
reducing reliance on the grid. Research can prove both technically and economically valuable.

In 2017, NVE2 submiƩed a proposal for new energy pricingmechanisms, due to the increasing
power consumpƟon in Norway[9]. The proposal was submiƩed considering the changes in the
power grid due to the increase in populaƟon and power usage. NVE menƟoned that there is a
need for adjustment of power tariffs as the consumpƟon is increasingly demanding on the grid
when we want to use the electricity at the same Ɵme.

Energy pricing based on subscribed power per month was one of the proposals outlined by
NVE. The end-user receives a pricing signal to reduce the consumpƟon in hourswhere the demand
is high. In the short term, the end-user will have the incenƟve to adapt to keep the consumpƟon
within grid limits. In the long term, end-users will have an economic incenƟve to take measures
making it profitable to select a subscripƟon-based on lower grid constraints[9].

BIPV systems can contribute to keeping the grid demand below the limit. However, grid pur-
chase and load consumpƟon can be further reduced through the implementaƟon of thermal stor-
age. Through the shiŌing of water heater load, the demand during peak hours can be lowered.
Figure 1.2 illustrates the concept of using storage opƟons with BIPV.

2Norges vassdrags- og energidirektorat
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Figure 1.2: Load shiŌing and valley filling

The available solar energy can, with the usage of energy storage, shiŌ the load to aŌer peak
hours, opƟmally to a point in which the energy is cheaper (e.g., Early hours). Electric baƩery
storage opƟons such as lead-acid or lithium-ion baƩeries are popular opƟons for storing energy
although vary in lifespan and costs. The lead-acid baƩery is less expensive than the lithium-ion
but has a lower lifespan. Although electric baƩeries are highly reliable and offer dispatchable
electricity, invesƟgaƟng different storage opƟons is beneficial in terms of promoƟng the use of
PV systems. Depending on the locaƟon and through proper management, storage can offer an
increase in self-consumpƟon and reducƟon of energy cost.

1.2 Report structure

The outline of this report is as follows.

• Chapter 1 - IntroducƟon
This chapter presents the introducƟon to the problem alongwith a background for problem
definiƟon. The background outlines the demand for research in the area and expresses the
idea behind photvoltaic (PV) systems in combinaƟon with storage.

• Chapter 2 - Research quesƟon
Research quesƟons are developed based on the problem definiƟon referenced in Chapter
chapter 1,secƟon 1.1.

• Chapter 3 - Theory
This secƟon presents the theory for the task. Here, important concepts and equaƟons is
introduced to complete the work for this project.
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• SecƟon 4 - Literature Review
A review of the literature is presented to gain understanding and insight on the topic at
hand. Previous studies made on the topic are evaluated and presented and will be further
discussed in reference to the knowledge and results gained from the work.

• SecƟon 5 - Thermal storage with PV system, role of water heater
In this secƟon, the methodology for this work is presented. The role of the thermal heater
working as storage is presented along with the BIPV system. Here the physical system is
presented, and procedure for obtaining results will be explained.

• SecƟon 6 - Results
The results secƟon will present the outcome of the work.

• Chapter 7 - Discussion
A discussion of the results will be presented in combinaƟon with the literature to further
understand the impact of the work.

• Chapter 8 - Conclusion
The final chapter will be a conclusion based on the discussion secƟon. A definiƟve answer
to the research quesƟons will be presented, and suggesƟons for further research will be
recommended.
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Research quesƟon

In this work, a BIPV system with thermal storage will be studied. Solar irradiance data is uƟlized
together with a syntheƟc residenƟal load profile. A model thermal storage is implemented in the
system to assess techno-economic performance with regards to grid constraints. Some assump-
Ɵons is made based on consumer behaviour for water draw as well as uƟlity electricity tariffs. A
system design for a household located in southern-Norway is presented where intermiƩent PV
power generaƟon introduces the need for thermal storage. The thermal storage will contribute
to lowering the load demand during water draw and increase the self-consumpƟon of the build-
ing. To obtain results of the BIPV system, a mathemaƟcal model is developed in MatLab. Irradi-
ance data, residenƟal load data, and thermal storage operaƟon is incorporated in the model. A
proposed logic is developed for the building operaƟonal performance with thermal storage re-
garding grid constraints. An illustraƟve concept of the BIPV system is presented. CalculaƟons on
the economic performance will be presented and discussed. The techno-economic performance
presented will be based on the research quesƟons:

1. How does different storage opƟons compare to each other in a Nordic environment? The
thermal storage opƟon will be compared to other opƟons studied in the review of literature.

2. Howmuch will the thermal storage increase the self-consumpƟon compared to other stor-
age opƟons such as baƩery.

3. When imposed with grid constraints, how will the BIPV system perform both technically
and economically?

5
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Theory

In the interest of reducing the grid consumpƟon, EWH is one of themost beneficial and convenient
household appliances to control being the largest consumer of electricity. The EWH also works as
a storage and aƩains advantages compared to baƩery storage as it acsessible in every household.
In this secƟon, a descripƟon of important concepts related to a BIPV system is presented. First an
overview of demand-side management strategies is presented followed by strategies for control
of EWH and the impact of control. Lastly, theory behind assessing the economic performance of
energy systems is presented.

3.1 Demand side management

Demand side management (DSM) is an approach for opƟmisaƟon used to dictate and influence
the customers use of electricity to avoid or produce changes in the uƟlity’s load curve/shape. The
goal of DSM is to regulate the load curve for beƩer balancing of the power system. Due to the
lower uƟlisaƟon of generaƟon and networks (50%), DSM can significantly increase the efficiency
of the power system[10]. Demand side management can be of interest to both the consumer
and the provider of the energy system. Through DSM strategies, the consumer can lower their
energy bill by adjusƟng the use and Ɵming of their energy. Secondly, the energy system provider
can benefit by avoiding high peaks, thus minimising the use of high power generators. Demand
side management is an umbrella term, which has several funcƟons for different applicaƟons and
situaƟons. Figure 3.1 presents an overview of DSM strategies.

Figure 3.1: Overview of DSM strategies

7
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Control of electric water heater can be described as a type of direct load control. The EWH
is controlled based on available capacity of the grid. Demand response strategies can be placed
within two categories, dispatchable (incenƟve based) and non-dispatchable (pricing based). Di-
rect load control is a strategy focusing on the reliability of the grid, with the key aspect being to
improve the capacity of the power system.

Direct load control, as with any of the DSM strategies, will have impact on the load curve.
Figure 3.2 illustrates the most common changes to the load curve through implementaƟon of
DSM.

Figure 3.2: Possible changes in the load curve through implementaƟon of DSM[11]

3.1.1 Peak clipping

Peak clipping is a strategy used to reduce the peak of a load curve. This strategy uses direct load
control, by shuƫng down equipment for short periods of Ɵme or through distributed generaƟon
staƟons.
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3.1.2 Valley filling

This strategy encourages off-peak consumpƟon. This method increases the efficiency of the sys-
tem and is beneficial as the producƟon costs are lower in off-peak hours, thus the average elec-
tricity price becomes lower.

3.1.3 Load shiŌing

This strategy is hybrid of peak clipping and valley filling. This strategy is used to move peak load
to a period of lower consumpƟon. The total consumpƟon throughout the day remains the same.

The use of EWH as a storage opƟon may take use of several different strategies. Peak clipping
may occur by reducing the load needed at peak hours, due to a higher water temperature in the
tank when solar panels are producing electricity. Valley filling can occur in the same manner, as
thermal loads are shiŌed due to charge up of EWH. The EWH is working as a combinaƟon of peak
clipping and valley filling to get a load shiŌ of thermal demand.

3.2 Building integrated photovoltaics

Building integrated photovoltaics are photovoltaic materials used to replace convenƟonal build-
ing materials. BIPV are increasingly being implemented in building construcƟons as an ancillary
source of power. Buildings may also be retrofiƩed with similar technology.

One of the advantages of integraƟng photovoltaics on new buildings, is that inƟal cost of in-
tallaƟon may be reduced, by reducing the amount of building materials and labor normally used.
The installaƟon of photovoltaicsmay also be included in themortgage furthermaking it profitable
and provide more incenƟve for consumers to favor BIPV[12].

Grid purchase is the amount of kW demanded from the grid at any Ɵme. When houses are
implementedwith a PV system, naturally the grid purchase will decrease due to PV producƟon ac-
counƟng for loads during day-Ɵme. Nevertheless, there is sƟll a grid demand during early evening
hours. With the implementaƟon of water heater as a thermal storage opƟon, the grid purchase
should in theory decrease due surplus PV producƟon is transferred to the water heater.

3.3 Economic assessment of BIPV

For assessing the economic performance of the BIPV system, the Net present value (NPC) and
Levelized cost of energy (LCOE) will be evaluated with and without storage based on the technical
results from the mathemaƟcal model. The economic calculaƟons are based on the methodology
reported in [[13],[14]]. Key contribuƟons to figuring LCOE incorporate capital costs, fuel costs,
fixed and variable tasks and support (O&M ) costs, financing costs, and an assumed uƟlizaƟon rate
for each plant type. The significance of every one of these components changes depending on
technology. For technology with no fuel costs and smaller operaƟon and management costs, for
example, solar and wind, the LCOE changes almost proporƟonal to the esƟmated capital cost[15].
Levelized cost of energy analysis is calculated using equaƟon 3.1.
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LCOE =

∑n
i=1

I0+Mi+Fi

(1+d)i∑n
i=1

Ei
(1+d)n

(3.1)

Where

i = Year
n = System lifeƟme
I0 = Capital investment
Mi = OperaƟon and maintenance cost
Fi = Fuel cost
d = Discount rate

The capƟtal investment of the system is based on total Net cash flow (NCF) of the system ref-
erenced in [16]. TheNPC is given by equaƟon and consist of the total capital investment (CPV,sys),
the present value of operaƟon and maintenance cost (OMPV ) and the present value of system
replacement cost (RPV ). The net cash flowof the PV system (CNCF,PV ) is defined using equaƟon
3.2.

CNCF,PV = CPV,sys +OMPV +RINV (3.2)

The total capital investment of the PV system is the sum of component investment, PV array
cost, inverter cost, and installaƟon and comissioning cost. Given by equaƟon

CPV,sys = CPV + CINV + CI&C (3.3)

The operaƟon and maintenance cost of the PV system is defined using equaƟon 3.4 or equa-
Ɵons 3.5 and 3.6

OMPV = OM0

(
1 + e0
d− e0

)
·

[
1−

(
1 + e0
d− e0

)N
]

(3.4)

OMPV = OM0 ·N (3.5)

OM0 = m (CPV,sys) (3.6)

Where

e0 = OperaƟon cost rate
N = LifeƟme of PV system
m = Percentage of capƟtal investment

The inverter replacement cost RINV is a funcƟon of the number of inverter replacements,
excluding the salvage value.
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RINV =

v∑
j=1

CINV ·
(
1 + e0
1 + d

) Nj
v+1

(3.7)

Where v is the total number of inverter replacement over a lifeƟme of N=25 years PV system.

Net Present Value (NPV) is a typical esƟmaƟon of future pay (or investment funds) from a
PV installaƟon. NPV is calculated in NOK and is determined by taking away the expense of the
underlying venture from the total of the complete limited future incomes over the lifeƟme of the
speculaƟon (i.e., the current dollar esƟmaƟon of future incomes, determined uƟlizing the rebate
rate). In sunlight based, this underlying venture is the framework cost, and future incomes are
the subsequent vitality reserve funds.

A common metric to esƟmate the value of future income for a solar-power installaƟon is the
net present value (NPV). The NPV (given in NOK) is calculated by deducƟng the cost of the iniƟal
investment from the sum of the total discounted future cash flows. In solar power, this iniƟal
investment is the system cost, and future cash flows are the resulƟng energy savings. The NPV
can be calculated using equaƟon 3.8

NPV =
n∑

i=0

Cashflowi

(1 + d)i
(3.8)

Based on the above economic metrics, calculaƟons on the BIPV system can be done to assess
the economic implicaƟons of BIPV system with thermal storage.
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Literature Review

A review of the literature was done to jusƟfy the relevance of the research quesƟons. Studies
reporƟng on BIPV systems and their different storage opƟons are reviewed to develop an under-
standing of state-of-art within the field and to compare results from similar technologies based
on geographical locaƟon. The review will also be linked to the results and support its discussion.

Numerous studies have been done on techno-economic analysis of BIPV[[17], [18][19][20]].
Liu, Rasul, Amanullah, and Khan [19], performed a sensiƟvity analysis on the BIPV system. They
concluded that larger PV systems require larger investments, though carbon emissions are re-
duced and creates greater financial benefits in selling surplus energy. The studies have not consid-
ered the implementaƟonof storage and its implicaƟons on the electricity price and self-consumpƟon,
though yearly self-consumpƟon in this systemwas around 61%. The study referenced feed-in tar-
iffs (sale-back tariffs and purchasing tariffs) in Australia, where sale-back tariffs are more than
twice as much as general domesƟc use tariffs.

Lang, Ammann, and Giro[20] invesƟgated the economic performance of rooŌop PV regarding
investment opportuniƟes. Homie, a MatLab-based model (Household model for intelligent en-
ergy supply and use), was used to study cash and electricity flow in different types of buildings
(small, large residenƟal buildings) and offices. The economic potenƟal was evaluated based on
the internal rate of return (IRR) 1 and varying electricity pricings. Results from simulaƟon on large
residenƟal buildings show a significant feed-in remuneraƟon. In regards to IRR, studies show that
Germany, with lower solar irradiaƟon, had a higher IRR due to comparaƟvely lower energy prices.

Furthermore, it was noƟced that relaƟon between electricity prices and IRR was not linear,
suggesƟng that electricity prices could, in some cases, decrease considerably before IRR is ef-
fected. The study menƟoned avenues for future research, where energy storage should be inves-
Ɵgated to extend further understanding of rooŌop PV potenƟal, as well as economic value. A BIPV
system with baƩery storage was invesƟgated by Linssen, Stenzel, and Flee[17]. The work looks at
the effect on different consumer profiles in households. The methodology conducted was based
on a modeling approach for photovoltaic baƩery simulaƟon. The tool was developed based on
parameter variaƟon in PV size and storage capacity as well as economic variaƟon opportuniƟes
such as electricity price. OperaƟon and maintenance costs were also referenced. The consumer
profiles used were constructed based on an annual usage of 5400 kWh, using a 5-minute resolu-
Ɵon. One load profile developed, were of a standard load profile (high baseload), an aggregated
load profile of a larger group of households. The arƟcle introduced the concept of autarchy 2. The
results from the standard load profile showed that self-consumpƟon and autarchy with PV and PV
with the baƩery was increased in both cases. It was observed that the standard load profile, con-
taining a higher base load reached significantly higher values for self-consumpƟon and autarchy
with the case of only PV. Adding the baƩery leads to a higher increase in self-consumpƟon and

1Internal rate of return - a discount rate that makes the net present value (NPV) of all cash flows equal to 0[21]
2the relaƟon between energy used by the PV and energy consumed by the household
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autarchy. When simulaƟng with a more realisƟc, the self-consumpƟon and autarchy were the
lowest, which was also remarked for future studies, suggesƟng that the use of generated stan-
dard aggregated load profiles may result in too opƟmisƟc results in terms of total cost and baƩery
sizing. Regarding the electricity prices menƟoned, the assumed feed-in tariff used was more than
two Ɵmes lower than the electricity price.

In regards to other storage opƟons and opƟmizaƟon, several studies have been conducted on
the alternaƟves [[18],[2],[22]] Shabani and Mahmoudimehr[18] made the interesƟng approach
of sun-tracking technology in a PV system, using pump storage to increase the potenƟal for PV
technology. It was highlighted that azimuth tracking technology leads to the closest yearly en-
ergy supply and demand compared to different PV systems, highlighƟng the call for research on
different alternaƟves in PV systems and storage.

Williams, Binder, and Kelm studied thermal storage, heat pumps, and baƩery storage, [22] to
compare self-consumpƟon in buildings with integrated PV in StuƩgart, Germany. The proposed
building had an area of 140m2 with four residents. The approach was based on simulaƟon analy-
sis of Ɵme-series of PV generaƟon, local demand, and local demand for heat. A profile for hot wa-
ter demandwas developed, assuming that largewater draws occur in the early hours around 6AM
and large duraƟon water draws during evening hours. Results showed that the self-consumpƟon
of heat pump and storage could be increased from 55% to 65% self-consumpƟon, depending on
the heaƟng load and storage tank size, poinƟng out that self-consumpƟon is criƟcally dependent
on the size of the storage tank. Moreover, the useful tank size for carry-over electricity for stored
heat from evening to night hours was 1000 L. Furthermore, the storage setpoint temperature was
set to 53 ◦. The algorithmic approach in simulaƟons implemented a ”delayed charging” strategy
for higher PV producƟon months. Regarding tank sizing in regards to self-consumpƟon and eco-
nomic indicators, Baniasadi et al. [23] studied how to opƟmize electrical and thermal storage sys-
tems. Baniasadi remarked that thermal storage, in combinaƟon with electrical storage systems, is
economically and eco-friendly opƟons and providemore sustainable soluƟons for end-users com-
pared to only electrical systems for energy management[23]. The studies were based on Monte
Carlo simulaƟon with one-year weather data as input to the model. In a sensiƟvity analysis, in
regards to the baƩery and thermal storage sizing, it was indicated that in combinaƟon, the sizing
of the tank should be from 1000-2000 L to achieve the lowest payback period on the system. Fur-
thermore, the electricity cost is significantly decreased with a higher storage tank. Although the
cost decrease is not linear, the opƟmal tank size is around 2000 l. The study was based on real-
Ɵme price and Ɵme-of-use tariffs and did not sufficiently address the impacts of using a smaller,
more typical residenƟal storage tank. In regards to other economic parameters, it can be assumed
that a tank size of around 1500 L would be opƟmal.

Thygesen and Karlsson invesƟgated which storage system would give the highest level of PV
self-consumpƟon[24] in a 138m2 building with four residents. The study invesƟgated a 48 kWh
baƩery system versus a hot water storage tank. A reference system was developed with storage
systems added and simulated for a two year period, with 3-minute intervals. A PV electricity con-
troller was developed. The electrical heater was connected to the controller, switching it on if PV
output is larger than building load. The max point temperature was 95 ◦C, with a tank volume
of 225 liters. Electricity calculaƟons were based on Levelized cost of energy3, and showed that

3Levelized cost of energy (LCOE), is a measure of the average net present cost of electricity generaƟon for a gener-
aƟng plant over its lifeƟme[25]
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the baƩery system proved twice as expensive in terms of LCOE compared to the thermal stor-
age. The authors menƟon that the LCOE model is not an opƟmal method for assessing a system’s
profitability, but rather supplemenƟng with future electricity costs when purchasing or selling.
The two systems proved similar self-consumpƟon levels, observing a 32% increase with hot water
storage, up to 88%.

Hirvonen, Kayo, Hasan, and Sirén presented a study on thermal storage opƟons in Nordic
condiƟons[5], comparing heat pump to electric heaƟng. The direct electric heaƟng tank consisted
of two separate layers, serving different purposes. DomesƟc hot water taken from the top layer
having tank temperature increase to a maximum of 70 ◦C. The lower part of the tank was used
for space heaƟng. The tank sizing used in the study were 300 L. Self-consumpƟon increased from
15% to 70% using direct electric heaƟng. It is important to note that the space heaƟng demand
was relaƟvely great in this study, accounƟng for 54% of total demand. Hot water demand was
17.9%. AddiƟonally, the energy pricing for feed-in tariffs was assumed to be based on Finnish
standards and is half the electricity buying price. In another study, looking at opƟmal system
sizing for heat pumps and thermal storage [26], Fischer et al. concluded that integraƟng PVs on
already exisƟng houses does not require an increase in thermal storage size. It is also implied that
through overheaƟng of thermal storage, that addiƟonal storage capacity is economically viable.

In regards to potenƟal grid constraints, Sharma, Mohan, and Sharma[4] presented a study on
the techno-economic performance of BIPV using baƩery storage under grid constraints as a con-
ƟnuaƟon of previous work on BIPV with baƩery storage; the results showed that under monthly-
fixed and yearly-fixed power contribuƟon from the grid, the PV system with baƩery storage could
perform a beƩer energy throughput. In regards to net present costs (NPC), it was shown to be
higher when implemented with energy storage. Furthermore, in reference to policymakers, the
demand side should favor high self-consumpƟon when implemenƟng PV. It was also concluded
that the BIPV systemwith energy storage is beneficial both economically and technically when in-
tegrated with appropriate energy tariff and control strategies to reduce annualized energy costs.
Azmi [2] menƟons that through proper energy storage, energy performance could be further in-
creased in regards to grid constraints.

Several studies havebeendoneonuƟlizing PVpower for auxiliary heaƟngusing hybrid photovoltaic-
thermal systems, implemented with solar thermal collectors. Regarding true PV, studies on en-
ergy storage are mostly focused on baƩeries, not thermal storage[5]. AssumpƟons made in this
work are based on the research arƟcles reviewed.

4.1 Industry development - Danfoss Denmark

With regards to researching thermal storage opƟons and their technical performance, HORFOR
(greater CopenhagenuƟlity) district heaƟngwas established inDenmark as a demonstraƟonproject
in 2018. Through district heaƟng and sector coupling, the heat pump on the Flexheat plant sup-
plies three cruise ship terminals and UNICEF warehouse through a thermal boiler. The FlexHeat
facility has a heaƟng capacity of 1MW, enabled by the heat pump based on groundwater. The
tank is 100 cubic meters and corresponds to a 4 MWh baƩery. The esƟmated CO2 savings are
315 tonnes annually[27]. This project highlights the potenƟal of thermal storage and why it is
essenƟal for researchers to study its potenƟal usage.
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Role ofwater heater, thermal storagewith
BIPV system

This study’s general goal is to assess the technical and economic performance of using building-
integrated solar panels with thermal storage. In a household, the water heater can be used as a
thermal storage opƟon. By controlling of current to the water heater, self-consumpƟon can be
increased, and further avoiding load above grid limits. The goal is to charge the water heater
during high solar electricity producƟon and distribute the stored energy when demand is high
or when the load is approaching grid constraints, thereby reducing the need for grid purchase. A
control for the current is designed in theMatLab environment and data based on solar irradiance,
and the residenƟal load is used to develop a mathemaƟcal model where a profile for monthly-
fixed grid constraints is developed based on the residenƟal load profile. A profile based on water
draw is designed based on assumpƟons taken from the literature review. In addiƟon tomodeling a
building capable of having an energy demand below the grid constraints, the studywill invesƟgate
if the household is capable of becoming a near zero-energy building. Economic assessments are
done based on results from the mathemaƟcal model.
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5.1 System descripƟon

A general overview of the system is shown in figure 5.1. The solar panels are building integrated,
but can also be retrofiƩed on the roof of the building. A solar inverter enables electricity to ap-
pliances. Input from the power grid covers the remaining household load, though limited by the
subscribed power to the household (grid constraints). The thermal load (water heater) is con-
trolled based on current available from the grid and solar producƟon.

Figure 5.1: Physical system

The grid supplies 230 V AC (alternaƟng current) to the household and receives surplus energy
from the PV system. The PV system has a peak capacity of 7.36 kWp. The water heater has a
capacity of 300 liters and a 2.5 kW heaƟng element pertaining to four residents.

5.2 Water heater load modeling

This secƟonpresents the development of thewater heater loadmodel, togetherwith its validaƟon
and aggregaƟon to obtain load profiles of the water heaƟng load.

To design a funcƟonal controller, a load model for the water heater is developed based on the
DR(demand response)-enabled water heaƟng load model by Shao[28]. The load model is used
in the mathemaƟcal model in MatLab. The water heater temperature is calculated according to
equaƟon 5.1[28].
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Toutlet,i+1 =
Toutlet,i(Vtank − fri ·∆T )

Vtank
+

Tinlet · fri ·∆t

Vtank

+
1gal

8.34lb

[
pWH,i ·

3412Btu

kWh
− Atank · (Toutlet − Ta)

Rtank

]
∆t

Vtank

(5.1)

Tinlet = Temperature of inlet water (◦F)
Ta = Room temperature (◦F)
fri = Hot water flow rate in Ɵme slot i (gpm)
Atank = Surface area of the tank (ft2)
Vtank = Volume of tank (gallons)
Rtank = Heat resistance of tank (◦F · ft2 · h/Btu)
∆t = duraƟon of each Ɵmeslot (minutes)

The power to the EWH is calculated using equaƟon 5.2

pWH,i = pWH ·WWHi (5.2)

WhereWWHi is the control signal given to the EWH (1 or 0).

The parameters selected for the water heater model is based on assumpƟons referring to a
typical household of 4 residents. One minute resoluƟon is used in the implementaƟon, which is
also based on the suggesƟonmade by[17]. Table 5.1 presents a summary of data used in thewater
heater model, which includes details of the water tank, water temperatures, power consumpƟon,
and water usage profile.

Table 5.1: Parameters of water heater

Parameter Value
Tmax 157 ◦F
TWH,s 140 ◦F
Tlow 120 ◦F
Tinlet 68 ◦F
Ta 68 ◦F
fri Appendix
Atank 14 ft2

Vtank 80 gallons
Rtank 16 ◦F·ft2 · h/Btu[29]
∆T 1minute
PWH,max 2.5 kW
η 0.80

Where,
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Tmax = Max charge-up temperature
TWH,s = Hot water setpoint temperature
Toutlet,i = Outlet water temperature of the tank (Temperature inside tank)
∆TWH = Minimum temperature of the tank
WWH,i = Status of the water heater in Ɵme slot i (minutes)

5.3 Water draw profile

As the power demand of the water heater depends on the usage, a water draw profile for the hot
water flow rate is developed. NVE esƟmates that around 13 % of the energy usage in a household
goes to water heaƟng[30]. The usage paƩern is assumed to reflect a typical household of 4 resi-
dents and is presented in figure 5.2, where gallons/min is used as a reference unit. A 1-minute
resoluƟon for the flow rate is used to coincide with the residenƟal load demand profile. Figure
5.3 presents the effects of water draw on the temperature levels of the water heater and its effect
on load demand.
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Figure 5.2: Water draw profile for household
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Figure 5.3: Change in temperature due to water draw

5.4 PV producƟon and data refining

The irradiance data used for this thesis is provided by the University of Agder (UiA). Solar panels
placed at the roof of UiA is processed in the MatLab environment. The data is updated every
minute, but with some variance, meaning that the datamay update some seconds before or aŌer.
It is therefore converted to fixed 1-minute intervals to be used in accordance with the residenƟal
load demand and water draw profile. Technical parameters for the solar panels are based on the



Chapter 5

performance assessment by Paudyal and Imenes [31]. Table 5.2 (manufactured by Sunpower SPR
230NE-BLK-I) shows the technical parameters from the performance assessment.

Table 5.2: Parameters of PV panels

Peak power Pmpp 225 W (+5%)
Cell efficiency 22.7 %
Panel efficiency 18.5 %
Rated voltage Vmp 29.6.5 V
Rated current Imp 7.61 A
Open-Circuit voltage 36.7 V
Short-Circuit current 8.15 A
Max system voltage 600 V

The yearly solar irradianceW/m2 canbe seen in figure 5.4. LocaƟon58◦20’02.0”N8◦34’38.1”E.
The PV system is installed on the south-facing roof, with a Ɵlt angle of 39◦[31].
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Figure 5.4: Solar irradianceW/m2 for the year 2015

5.5 ResidenƟal load and solar panel configuraƟon

Load data was synthesized in HOMER Grid soŌware specifying typical load profiles included with
some randomness. HOMER Grid lets the user choose among different types of load profiles, from
residenƟal and commercial to industry and community. A syntheƟc load based on residenƟal was
selected to create an annual load profile for a typical household in the soŌware. An opƟon to se-
lect peakmonth is used and set to January to get cyclic annual variaƟon. To fit the applicaƟon, the
opƟon for ”Scaled Annual Average (kWh/day)” is used. Based on a typical Norwegian household
minus load demand of the water heater, the kWh/day parameter was set to 37.26. Data from
the soŌware is interpolated for minutely values to coincide with the 1-minute resoluƟon of the
mathemaƟcal model. Figure 5.5 presents the annual load in (kW).
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Figure 5.5: ResidenƟal load

An overview of the housing parameters are shown in Table 5.3, based on research develop-
ment by Azmi [2], and Sharma et. Al[4].

Table 5.3: Overview of installed peak capacity and PV producƟon

Usable roof (south facing) Installed PV
Lenght (m) Width (m) Area (m^2) Strings Modules Module area (m^2) Capacity (kWp)
12.2 4.7 57.43 2 16 39.9 7.36

The inverter is implemented as part of the system based on the system descripƟon in sec-
Ɵon 5.1 and will present a major factor in the economic assessment. The inverter (INVT - BG7
3-phase[Appendix]) was selected based on the characterisƟcs of the solar panel’s max capacity.
The inverter[32] is of 3-phase with a maximum efficiency of 98.2%. It has a power raƟng of 7kW.
For ideal operaƟon, the DC voltage range should be between 180-800 for each string. The DC
current per MPPT must not exceed Max. DC current.

Table 5.4: Inverter parameters

Parameter Value
Input (DC) Max. DC voltage (V) 1000
StarƟng Voltage (V) 200
Min. OperaƟng Voltage 180
MPPT operaƟng voltage
range (V) / Rated voltage (V)

(180-800)/610

Rated power voltage range 220-800
Number of MPPT/String per MPPT 2/3
Max DC power (W) 7300
Max. DC current (A) per MPPT
· number of MPPT

19 · 2

Rated power (W) 7000

The inverter will add to the capital investments when looking at the economic performance
of the BIPV. Nevertheless, replacement of inverter might be necessary. In that case, the inverter
price of 21500 NOK is included for economic assessment.
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5.6 Grid constraints

The uƟlity may impose a grid limit on the household due to energy tariffs based on subscribed
power proposed by NVE. This grid limit may be fixed based on month or season. In this work, a
proposed grid limit of month-wise fixed is evaluated to study the techno-economic performance
of the BIPV. Figure 5.6 presents the monthly fixed grid constraints.
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Figure 5.6: Month-wise grid constraints

The monthly-fixed limits are constructed based on the residenƟal load profile, where the
monthly values are calculated following the monthly average peak load of the household.

5.7 Energy tariffs

With the reference to the new pricingmodels proposed by NVE, the energy tariffs are constructed
basedon their proposalwith someassumpƟons basedon geographical locaƟon. Table 5.5 presents
the proposed model for energy tariffs.

Table 5.5: Cost model for subscribed power

Fixed price Subscribed power Energy tariff OverconsumpƟon tariff
2640 (NOK/year) 643 (NOK/kW limit) 70 (Øre/kWh) 125 (Øre/kWh)

Where subscribed power is assumed based on geographical locaƟon of the BIPV system (e.g.
Southern-Norway), the energy tariff and overconsumpƟon tariff is based on the proposal from
NVE and proposed pricings made in a pilot project by Lyse NeƩ[33]. The assumed energy tariffs
will contribute to the economic assessment. The over-consumpƟon tariff may play a significant
factor on the Net present cost of the system over a lifeƟme. Furthermore, when producing so-
lar power, some energy will be distributed back to the grid. In that regard, the feed-in tariff is
assumed to be 50RE/kWh
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5.8 MathemaƟcal model

A mathemaƟcal model was developed in a MatLab environment to obtain technical results from
the proposed BIPV system with thermal storage. CondiƟonal programming was used to develop
the control of water heater. Parameters of the water heater, the residenƟal load, PV producƟon,
and grid constraints were implemented in the model. The water heater profile is assumed to be a
normal daily usage paƩern throughout the year and is therefore repeated for the simulaƟon Ɵme.
Results from the simulaƟon are presented in the results secƟon to evaluate the techno-economic
performance of the system.

5.8.1 Data handling and model validaƟon

Parameters for the loadmodel was set up in the mathemaƟcal model. A for loop was constructed
in themodel, implemenƟng equaƟon 5.1 based on outlet temperature of thewater heater. A fixed
value for the rated power of EWH is used. To test and validate the load model - simulaƟons were
ran with a randomized water draw profile. A simple control of the EWH is implemented where
the turn-on signalWWHi = 1 is given when temperature is below the minimum limit Tlow and
turn-off signal is givenWWHi = 0 when the temperature is above maximum limit TWH,s.

The irradiance data from Excel was transferred to the MatLab workspace. The data contained
minutely values, though not exact - so the values for date and Ɵme had to be redefined to mean
values over the minute. By analysis of the irradiance data, the years 2014, and 2016-18 proved
to have substanƟal amount of missing data scaƩered over large Ɵmeframes, making it difficult to
obtain a realisƟc yearly irradiance curve without manipulaƟng the data.

The year 2015 showed less data missing and was therefore used in the model. The data for
irradiance was used in equaƟon 5.3 to obtain minutely values of PV producƟon of the building.

PVproduction = Irradiance ·Area · Paneleff (5.3)

Data for the residenƟal load based on average hourly values was iniƟally implemented in the
model but proved hard tomanipulate and less ideal when using a 1-minute resoluƟon for the sim-
ulaƟon. New data sets was then taken from the HOMER Grid soŌware referenced in secƟon 5.5.

As referenced in secƟon 5.1, the thermal load is controlled based on current available from the
grid and solar power. The control based on these currents will be discussed in laters secƟons. To
get the power available from the grid - an assumpƟonwasmadeon the behavior of the household-
, that over-consumpƟon occurs during peak hours. Therefore, grid constraints was constructed
based on the monthly maximum peak. The grid constraints for the proposed household was set
to be a fracƟon of the monthly peak.

Furthermore, the currents for solar, grid and residence were calculated based on the system
voltage Vsys referenced in secƟon 5.1 and is given by equaƟon 5.4.

I =
P

V
(5.4)
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Where the value for power P is determined based on the the purpose (e.g solar panels, resi-
dence, grid).

5.8.2 Current control

The system model was simulated in 1-minute intervals over a 365 day period to obtain yearly
results. Figure 5.7 present a flowchart of the system with control signals and the logic used.

Figure 5.7: Flowchart for current control

If the water heater’s outlet temperature is less than the minimum allowable temperature
Tlow, the water heater is set to rated power to maintain a comfortable temperature level. If there
is available solar current, Ipv(t) > Il(t) (e.g. Solar supply is higher than load demand), the current
available to boiler Ib(t) is the delta∆I between those currents. At high solar power producƟon,
the current available is someƟmes above the rated current of the water heater. For this instance,
the current is set to rated current. Else, if solar supply is below load demand, the current available
to the water heater, Ib(t) is ∆I between the grid constraints and load current. Furthermore, if
the current calculaƟon is below zero at any point, the current is set to zero. The current control
can also be expressed, as seen in the condiƟons below.
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Ib,i =


Il(t)− Ig(t) + IPV (t) IPV (t) < Il(t)

IPV (t)− Il(t) IPV (t) > Il(t)

Ib,max Ib(t) ≥ Ib,max

0 Ib(t) < 0

(5.5)

5.8.3 Water heater status

Figure 5.8 represents a flowchart for deciding the status of the water heater.

Figure 5.8: Flowchart for water heater status

In the figure, WWHi = 0 and WWHi = 1 represents the status of the water heater. 0 is
off, and 1 being on. Toutlet,i, the outlet temperature is calculated. If the temperature is below the
threshold, the water heater is turned on. For regular operaƟon, if the outlet temperature is above
setpoint temperatureTmax, thewater heater is turned off. For charging ofwater heater, the status
is based on available current to the boiler. If there is available solar current aŌer covering the load
demand, the water heater is on, unƟl reaching max point temperature for charging Tmax,charge.

Based on the proposed logic in the mathemaƟcal model, the grid purchase was calculated
using equaƟon 5.6.

Gridpurchase = Totalload − PVproduction (5.6)
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Where Totalload is the combinaƟon of load from the residence added with the load from the
water heater. Considering the logic used in themodel, the power used by the water heater during
charge-up has to be deducted from the equaƟon. Furthermore, at Ɵmes where solar producƟon
is below zero, grid purchase will be negaƟve, therefore set to zero.

Furthermore, to obtain technical results, the power sold to the grid is calculated using equa-
Ɵon 5.7.

Gridsale = PVproduction − Totalload (5.7)

Again, if the value is below zero, the grid purchase is zero. To calculate the self-consumpƟon
of the building, equaƟon 5.8

Selfconsumption =
PVconsumed

PVproduction
(5.8)

5.9 Economic assessment

To make an assessment of the economic parameters, results from the technical model in MatLab
is used in evaluaƟon. AssumpƟons based on previous research in the field[[31],[4],[34],[35],[16]]
was used and is presented in table 5.6.

Table 5.6: Assumed parameters for economic assessment

Parameter Value
Future value discount rate (%) 5.5[4]
Electricity price inflaƟon rate (%) 1.9[4]
OperaƟon and maintenance rate (%) 1[34]
OperaƟon and maintenenace cost (NOK) 717.2
Annual output degredaƟon (%) 0.17[31]
System capƟtal investment(NOK) 71782 [36]
Inverter replacement Ɵme (years) 15[16]
Inverter replacement cost (NOK) 21500
OperaƟng cost rate (%) 5.5[16]

Excel was used to calculate the indicators for economic assessment based on equaƟons pre-
sented in secƟon 3.3. For calculaƟng the operaƟon andmaintenance cost, equaƟon 3.5 is used as
the discount rate d and operaƟng cost rate e0 is equal. A lifeƟme of 25 years to obtain the LCOE
value for the system with and without thermal storage. The spreadsheet for calculaƟons is found
in Appendix where yearly values for the NPV is found based on equaƟon 3.8.
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Experimental Results

This secƟon introduces the experimental results from the mathemaƟcal model. Results will show
the technical effect on the technical parameters of the BIPV model. The mathemaƟcal model is
simulated for an enƟre year, with minutely iteraƟon. Economic assessment will be based on the
results gathered from the system model.

6.1 Effects of charging on water heater temperature and power de-
mand - control validaƟon

For a typical day with PV producƟon, the BIPV system uƟlizes surplus energy to charge the wa-
ter heater. The daily profile for water heater charging is presented in figure 6.1. According to
the methodology presented in Chapter chapter 5, to maximize the use of solar power, the tank
temperature is increased during high PV producƟon.

The figure includes start-up of thewater heater occurring at 00:00 in themorning, displaying a
rated power demand at this Ɵme. Thewater heater is fully charged to the set-point temperature at
01:15 AM. Stand-by losses are evident by the slight decrease in temperature from 01:15 to 06:00.
At 06:00 the first water draw occurs based on figure 5.2, with a flow rate of 0.2 gallons/min

for 16 minutes. At 06:30 the next water draw occurs with a flow rate of 0.4 gallons/min for a
duraƟon of 5 minutes. Two more water draws occurs resulƟng in a drop of water temperature
below the minimum limit Tmin. Based on the controller logic, the grid is now forced to supply
the water heater with rated power, resulƟng in a spike in load demand. At 09:00 the solar cells
are producing surplus power. The tank temperature is now increasing based on the surplus PV
producƟon, reaching a the maximum temperature Tmax of 70 degrees at at 09:30. AddiƟonal
water draws occur throughout the day, however, the surplus PV producƟon upholds the water
temperature during this period. At Ɵme 17:15, addiƟonal water draw of 2 gallons/min for a
duraƟon of 12 minutes occurs.
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Figure 6.1: Temperature and load demand of water heater in charging mode
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6.2 Effect on grid purchase

To analyze the performance of the BIPV system with thermal storage, the difference in grid pur-
chase with and without thermal storage is evaluated. It has been assumed in this work, that the
system operator is imposing a month-wise maximum grid supply limit. Therefore, it is interesƟng
to analyse the grid contribuƟons with month-wise limits. Figure 6.2 and figure 6.3 presents the
annual electricity purchased from the grid.

The figures shows minutely values of grid purchase. It can be seen that the grid purchase is
mostly kept below the the grid constraints presented in figure 5.6. It is also noƟceable that there
are spikes in grid purchase extending above the grid constraints. Furthermore, analysis shows the
water heater load is also contribuƟng to electricity over-consumpƟon.
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Figure 6.2: Grid purchase without thermal storage

Figure 6.3 presents the grid purchase when the system is implemented with thermal storage.
NoƟceable from the figure, is that there are less spikes in grid purchase during summer months
due and the overall power purchased from the grid is lower.
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Figure 6.3: Grid purchase with thermal storage

Table 6.1 presents the technical indicators of the system. The implicaƟons of the results will
be further discussed in chapter 7
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Table 6.1: ResulƟng grid purchase and over-consumpƟon

Storage No storage
OverconsumpƟon (kWh) 613.93 692.25
Grid purchase (MWh) 10.58 10.74
Percentage overconsumpƟon (%) 5.79 6.44

6.3 Effect on grid sale

As referenced in Background, when PV producƟon is in surplus, the energy is transferred to the
grid (grid sale). For the end-user, excess solar energy is bought by the uƟlity, usually at a lower
price, due to low power demand at these Ɵmes. Therefore, storing energy becomes more benefi-
cial both for the end-user and the uƟlity, so it can be distributed at a later Ɵme. Therefore, impact
on the feed-in electricity is important to assess.

Figure 6.4 presents the grid sale with and without energy storage for the enƟre year. Evident
by the figure is that the grid sale is decreased using thermal storage. Analysis of the results shows
that when having a storage opƟon of water heater, 2.99 MWh is sold back to the grid. Without
the storage, the grid sale is 3.27 MWh.
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Figure 6.4: Grid sale

6.4 Effects on self-consumpƟon and load shiŌing

Load shiŌing is referenced in secƟon 1.1 for reducing stress on the grid during peak hours and
also decrease the electricity bill. One of the main reasons for thermal storage implementaƟon
is to shiŌ the thermal load to off-peak hours, thereby reducing the electricity bill. Results taken
from the mathemaƟcal model is presented in table6.2.

Table 6.2: Self-consumpƟon and peak overload

With storage Without storage
Self-consumpƟon (%) 57.44 53.49
Peak overload(kWh) 242.6 314.5

It can be seen from the table that the self-consumpƟon is increased by 3.95 %. The peak
overload, - load comsumed above grid constraints during peak hours is decreased with 51 kWh
when implemenƟng thermal storage.
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6.5 Economic assessment

For assessing the economic performance of the BIPV under grid constraints, the solar panels and
inverter is assumed to be included in the capital investment. The economic assessment is based
on energy pricing referenced in chapter 5 to calculate the yearly electricity bill. According to
the energy tariffs the grid limit plays a major role in electricity pricing. Grid sale together will
grid purchase and the overloading of grid limits will determine if the energy bill is decreased and
whether or not the storage opƟon has any effects on the yearly bill.

The Excel spreadsheet found in Appendix is used to calculate the economic parameters. Table
presents the economic indicators for performance assessment.

Table 6.3: Economic indicators

Storage No storage
Net present cost 33541 NOK 34582 NOK
LCOE 1.136 1.207
Total annualized cost 1913 NOK 2105 NOK

Results from the mathemaƟcal model show that annually, a total of 488.5 kWh is load above
the grid constraints. Comparing this results with the total grid purchase throughout the year of
10.8 MWh, the calculaƟons show that 4.52% of grid purchase is above the grid constraints.

Analysis shows there is a slight decrease in grid purchase using the water heater. When ap-
plying the storage opƟon, the yearly grid purchase is lowered with 300 kWh. This will contribute
to lowering the energy bill for the end-user. With reference to the grid constraints, it should be
noted that without storage opƟon, the load demand peak is considerably higher which is causing
the load to more frequently reach above the grid constraints.
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Discussion

This secƟon presents the discussion on the techno-economic perforamance of the BIPV system
with thermal storage. Results based on the difference in technical and economic indicators of the
system with and without storage is evaluated in reference to the research quesƟons presented in
chapter 2.

One of the main objecƟves for this work was to compare the different storage opƟons in a
Nordic environment. In chapter 4, we reviewed several studies on the techno-economic analysis
of BIPV systems. With reference to self-consumpƟon in Sweden, Thygesen and Karlsson[24] saw
an increase in self-consumpƟon of 32%, up to 88%. The system studied in the present work, saw
an increase of 4%. A large discrepancy is seen between the two systems. Most likely, this is due
to a larger thermal load demanded by the water heater, whereas in the present case, the water
heater demand was 13% of the total load. Furthermore, the maximum charge up temperature
level used in the controller was 95◦C, compared to 70◦C, which also cause a larger increase in
thermal energy potenƟal.

Hirvonen et al.[5] used 300 litres and a temperature max limit of 70 ◦C, similar parameters to
the present study. They saw a large increase in self-consumpƟon from 15% to 70%. It is important
to note that the water heater also distributed energy for space heaƟng, having a load demand
accounƟng for 54%, as opposed to the present study, where only 13% of total demand is assumed
for the water heater.

According to Willams et al[22] self-consumpƟon percentage is criƟcally dependant on tank
volume. The same study saw an increase from 55% to 65% using heat pump and storage. In
comparing the tank volumes, there is a significant difference (300 litres cs 1000 litres), indicaƟng
that a larger tank size would increase the self-consumpƟon of the system in this work.

With regards to peak overload, a 23% decrease was seen using thermal storage. According
to Williams et al. [22] This value may be further decreased, when implemented with ”delayed
charging” to higher prevailing irradiaƟon months, May to September.

By reviewing the economic results, a decrease was seen for all the economic indicators, using
thermal storage. The LCOE with thermal storage was lower that without storage. In comparison,
Mohan et al saw an LCOE of 1.17 NOK/kWh under monthly-fixed grid limits, where capital
investment of baƩery was considered and a system Ɵme of 10 year. In the economic analysis,
the present study found a LCOE of 1.136 NOK/kWh, though a higher capital investment was
assumed and a system Ɵme of 25 years.

Furthermore, the economic performance of BIPV with energy storage systemmainly depends
on the assumpƟons associated with PV and baƩery costs, as menƟoned by Sharma et al. [3].
Moreover, Baniasadi et al.[23] studied the opƟmal tank size in regards to economic indicators,
proving that a tank size of 1000-2000 would achieve the best results when looking at economic
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indicators.

In regards to feed-in tariffs, the studies reviewed varied in pricing, from twice the price of grid
purchase to half the price, indicaƟng that assumpƟon on pricing may distort results. Although,
as seen in [20], the IRR does not correlate with electricity pricing in a linear way, suggesƟng that
assumpƟon based on tariffs may not have a significant impact the resulƟng economics. On the
other hard, Linssen et. Al[17] remarks that development of electricity pricing is a sensiƟve param-
eter regarding modelling, and that assumpƟons of a constant energy pricing increase can lead to
large uncertainƟes.

UlƟmately the goal of the thermal storage is to lower the congesƟon on the grid. For the end
user, a decrease in grid purchase and and increased self-consumpƟon will contribute to lowering
the energy bill as seen in this study.



Chapter 8

Conclusion

For penetraƟon of renewable energy, there are sƟll issues facing a massive takeover, namely the
need for quick, efficient balancing generators running on fossil fuels. A key component to reduce
the need for these balancing units are efficient storage opƟons. Large baƩery storage opƟons
and smart grids can contribute to less cycling of coal plants, but bymaking households less reliant
on grid supply through efficient use of storage, the grid supply may also be reduced during peak
load periods. Therefore, the research on finding the appropriate energy storage for buildings is
of importance. By uƟlizing already exisƟng components for storage, such as water heaters, the
self-consumpƟon may increase, and reliance on the grid reduced.

This study invesƟgated the techno-economic effects of implemenƟng thermal storage. Future
grid tariffs based on subscribed power was also considered. Based on technical parameters, a de-
crease in power purchased from the grid and grid salewas seen. The system self-consumpƟonwas
also increased when implemented with thermal storage. Furthermore, the economic indicators
show that the Levelized cost of energy decreased with 7 ØRE/kWh. In regards to the electricity
bill, the net present cost of the systemwas lowerwhen the electricity bill was based on subscribed
power.

There is research done on the effecƟveness of thermal storage, but geographical condiƟons
will vary in regards to the appropriate storage opƟon. Therefore it is essenƟal to invesƟgate the
effects of thermal storage considering grid constraints and baƩery storage in Nordic areas. Al-
though the thermal storage will charge during high PV producƟon, the issue becomes how well
it distributes across the day compared to a baƩery with dispatchable demand. Tough, the study
showed that load shiŌing is possible using thermal storage, observing a 23% decrease in peak
overload compared to no storage.

The system developed in this work assumed that the hot water load demand is 13%. Based on
previous research reviewed, a more significant load demand and an increase in tank volume and
temperature can further enhance the self-consumpƟon of BIPV systems. In regards to a typical
household integratedwith solar panels, a small retrofit by opƟng for a change-up of electric water
heater can contribute to lowering the energy bill, and in return, reduce the LCOE.

The overall intermiƩency of the load and the PV producƟon can be overcome through efficient
energy storage of BIPV systems. Energy storage can also assist in demand-side management and
help in strengthening the system stability.
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Future work

BIPV systems with thermal storage should be further researched for Nordic areas. Researchers
should look to increase the self-consumpƟon and decrease the LCOE. Studies focused on a typical
household should look at increasing tank temperature further above the max limit in combina-
Ɵon with space heaƟng. A combinaƟon system using thermal and baƩery storage should also be
invesƟgated to further increase the economic aƩracƟveness of BIPV systems and to reduce LCOE.
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Appendix A

A.1 Excel worksheet

Figure A.1: No storage

Figure A.2: With storage

When including the cost of PV system in the mortgage it was found that a annual loan price of
1631 NOK is needed for break-even investment. In this case, the inverter is also replaced aŌer 15
years.

A.2 MatLab script

43



Chapter A

%% Heater model
V_tank =80 ; %volume o f the tank i n g a l l o n s
%f r = x l s r e a d ;%water usage i n g a l l o n s per minute
T _ i n l e t 1 =20 ; % i n l e t water tempera tu re i n C e l s i u s
T _ i n l e t = ( T _ i n l e t 1 *9/5 )+32 ; %con v e r s i o n to F ah r e nh e i t
%P_WH=4 ; %power consumpt ion o f water hea t e r
A_tank =14 ; %su r f a c e area o f the tank
R_tank =16 ; %heat r e s i s t a n c e o f the tank
Ts1_WH=60 ; %water tempera tu re s e t p o i n t _ C e l s i u s
Ts_WH= ( Ts1_WH*9/5 )+32 ; %con v e r s i o n to F ah r e nh e i t
T _ o u t l e t _ i 1 =1 ; % i n i t i a l t empera tu re water_ C e l s i u s
T _ o u t l e t _ i = ( T _ o u t l e t _ i 1 *9/5 )+32 ; %con v e r s i o n to F ah r e nh e i t
T _ o u t l e t _ i 2 = ( T _ o u t l e t _ i 1 *9/5 )+32 ;
eff_WH = 0 . 8 ; %e f f i c i e n c y o f the water hea t e r
Delta_Temp_WH =11 ; %a l l owab l e tempera tu re band_ C e l s i u s
Temp_low1=Ts1_WH−Delta_Temp_WH ; %lower l i m i t o f water tempera tu re
Temp_low = ( Temp_low1 *9/5 )+32 ; %con v e r s i o n to F ah r e nh e i t
Ta1 =20 ; % Ambient tempera tu re i n C e l s i u s
Ta = ( Ta1 *9/5 )+32 ; %conve r t to F ah r e nh e i t
IWH_rated =2500/230 ; %Rated c u r r e n t o f water hea t e r
%% R e s i d e n t i a l l oad
V_sys =230*10^−3; %System vo l t a g e
%−−− I n t e r p o l a t e f o r m i nu t e l y va lue s−−−−%
g1 =1 :60 :8760*60 ;
g i =1 : 1 : 8760*60 ;
Load1= r eadma t r i x ( ’ 37 .26kWh . t x t . x l s x ’ ) ; % Read data f o r r e s i d e n t i a l l oad
To ta l _ Load = i n t e r p 1 ( g1 , Load1 , g i ) ; %I n t e r p o l a t e f o r m i nu t e l y v a l u e s
To ta l _ Load ( i s nan ( To t a l _ Load ) ) = 0 ; % Conve r t NaN to 0
I _ l = To t a l _ Load / V_sys ; % Load c u r r e n t

a1= f i n dpe a k s ( I _ l , ’ M inPeakD i s tance ’ , 4 3 200 ) ; % F ind peaks i n t e r v a l −> month ly
d=52560;
a2= reshape ( repmat ( a1 , d , 1 ) , 1 , [ ] ) ;
I _ g =a2 / 2 ; %Gr i d l i m i t h a l f o f month ly max
%% So l a r
P_max =230 ; % peak power (W)
C e l l _ e f f = 2 2 . 7 ; % C e l l e f f i c i e n c y (%)
P a n e l _ e f f = 1 8 . 5 ; % Pane l e f f i c i e n c y (%)
V_rated = 4 0 . 5 ; % Rated vo l t a g e ( V ) Vmpp
I _ r a t e d = 5 . 6 8 ; % Rated c u r r e n t ( A ) Impp
V_oc = 4 8 . 2 ; % Open c i r c u i t v o l t a g e ( V )
I _ s c = 6 . 0 5 ; % Sho r t c i r c u i t c u r r e n t ( I )
V_max = 600 ; % Max system vo l t a g e ( V )
Area = 3 2 . 5 ; % Area o f s o l a r pane l s



Chapter A

%aggregate t ime t a b l e data ( f o r f u t u r e )

%−−−−−−−−−−−Da i l y s o l a r i r r a d i a t i o n −−−−−−−%
TT = t a b l e 2 t ime t a b l e ( I r r a d i a n c e ) ; % T ime tab l e
output = re t ime ( TT , ’ d a i l y ’ , ’mean ’ ) ; % Da i l y mean i r r a d i a n c e
newTimes = [ da te t ime ( ’ 2015−01−01� 00 : 00 : 00 ’ ) : minutes ( 1 ) : da te t ime ( ’ 2015−��12−
31� 23 : 59 : 00 ’ ) ] ; % Time i n t e r v a l
TT2 = re t ime ( TT , newTimes , ’mean ’ ) ; % Mean i r r a d i a n c e ove r t ime i n t e r v a l
Tab l e = t ime t a b l e 2 t a b l e ( TT2 ( : , 1 ) ) ; % Conve r t to t a b l e
S o l a r I r r a d i a n c e = t a b l e 2 a r r a y ( TT2 ) ; % So l a r i r r a d i a n c e d a i l y ( m i nu t e l y ) m^2
PV_prod= S o l a r I r r a d i a n c e *Area* P a n e l _ e f f *10^−2*10^−3;
% So l a r p r odu c t i o n f o r househo ld

%PV_prod = 0 . 5 * ( f i l l m i s s i n g ( PV_prod1 , ’ p r e v i ou s ’ ) + f i l l m i s s i n g ( PV_prod1 , ’ next ’ ) ) ;
PV_prod ( i s nan ( PV_prod ) ) = 0 ; % conve r t NaN to 0
I _PV =PV_prod / ( V_sys ) ; % PV c u r r e n t

%% P r i c i n g s o l a r
I n s t a l l _ c o s t =102309; %co s t o f i n s t a l l i n g ( k r )
Ope r a t i n g _ co s t =102309*0 .02 ; % Opera t i ng c o s t 2% of i n s t a l l c o s t
L i f e t i m e =25 ; %L i f e t i m e o f s o l a r pane l s i n y ea r s
%% I n i t i a l v a l u e s
f r = r e adma t r i x ( ’ gpm . x l s x ’ ) ; % GPM i n t ime s l o t i
f r _ 1 = f r ( : , 2 ) ; % read a l l rows column 2
f r _ i = repmat ( f r_1 , 3 6 5 , 1 ) ; % Repeat ma t r i x f o r 365 days

i = 1 ; % I n i t i a l v a l u e
charge =0 ; % I n i t i a l v a l u e
de l t a _ T =1 /60 ; % MInute
%P_WHi = z e r o s ( 1 , 1 4 4 0 ) ;
WWHi=0 ; % I n i t i a l v a l u e
WWHi_1=0 ; % I n i t i a l v a l u e
f o r i = 1 :1 :525600 %Minu te l y i t e r a t i o n ( yea r )

I _b ( i ) = I _ g ( i )− I _ l ( i ) ; % Cu r r e n t a v a i l a b l e to Water hea t e r

i f I _PV ( i ) > I _ l ( i ) % I f PV c u r r e n t i s l a r g e r than load
I _b ( i ) = I_PV ( i )− I _ l ( i ) ;
% Cu r r e n t a v a i l a b l e to b o i l e r − E x c e s s c u r r e n t a f t e r l oad

end
i f I _b ( i ) > IWH_rated % I f c u r r e n t i s above ra t ed c u r r e n t

I _b ( i ) = IWH_rated ; % Cu r r e n t i s r a t ed c u r r e n t
end
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i f T _ ou t l e t _ i <Temp_low % I f Ou t l e t temp exceeds lower temp
I _b ( i ) = IWH_rated ; % WH i s charged wi th ra t ed c u r r e n t

end
i f T _ou t l e t _ i 2 <Temp_low % I f o u t l e t temp exceeds lower temp ( no charge )

I _b ( i ) = IWH_rated ; % WH i s charged wi th ra t ed c u r r e n t
end
i f I _b ( i ) <0

% I f c u r r e n t a v a i l a b l e to water hea t e r i s below ze ro
I _b ( i ) = 0 ; % Cu r r e n t i s z e ro

end

P_WH= I_b ( i )* V_sys ;
% Power to the water hea t e r − c u r r e n t t imes system vo l t a g e
P_WHi=P_WH*WWHi ;
% Power to water hea t e r i n t ime s l o t i − Power t imes WH s t a t u s
P_WHi_1=P_WH*WWHi_1 ;
% Power to water hea t e r i n t ime s l o t i − no cha rg i ng power

WH_charge ( i ) =P_WH*charge ; %Charged power

T _ou t l e t = ( T _ o u t l e t _ i .* ( V_tank− f r _ i ( i )* 1 ) + ( T _ i n l e t* f r _ i ( i ) * 1 ) ) / ( V_tank )
+1/60* ( P_WHi*eff_WH*3412−( A_tank * ( T _ o u t l e t _ i−Ta ) / R_tank ) ) / V_tank ;
T _ o u t l e t _ i = T _ ou t l e t ; % Update o u t l e t tempera tu re

T_ou t l e t 1 = ( T _ o u t l e t _ i 2 .* ( V_tank− f r _ i ( i )* 1 ) + ( T _ i n l e t* f r _ i ( i ) * 1 ) ) / ( V_tank )
+1/60* ( P_WHi_1*eff_WH*3412−( A_tank * ( T _ ou t l e t _ i 2−Ta ) / R_tank ) ) / V_tank ;
T _ o u t l e t _ i 2 = T _ou t l e t 1 ; % Update o u t l e t tempera tu re

%−−−−−−−−−−Dec i d i n g S t a t u s o f the Water heater−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

i f T _ ou t l e t _ i <Temp_low % I f o u t l e t tempera tu re exceeds lower temp
WWHi=1 ; % Water hea t e r s t a t u s on
charge =0 ;

end
i f T _ ou t l e t _ i >=Ts_WH % i f tempera tu re exceed max− l i m i t

WWHi=0 ; % Water hea t e r s t a t u s o f f ’
charge =0 ;

end

i f I _PV ( i ) > I _ l ( i ) % I f PV c u r r e n t exceeds load c u r r e n t
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WWHi=1 ; % Water hea t e r s t a t u s on f o r cha rg i ng
charge =1 ;
i f T _ ou t l e t _ i >=Ts_WH+17 % I f o u t l e t temp exceeds max temp o f hea t e r

WWHi=0 ;
charge =0 ;% Water hea t e r s t a t u s o f f

end
end

i f T _ou t l e t _ i 2 <Temp_low % I f o u t l e t tempera tu re exceeds lower temp
WWHi_1=1 ; % Water hea t e r s t a t u s on

end
i f T _ou t l e t _ i 2 >=Ts_WH % i f tempera tu re exceed max− l i m i t

WWHi_1=0 ; % Water hea t e r s t a t u s o f f
end

GS ( i ) = ( PV_prod ( i )− To ta l _ Load ( i )−P_WHi ) ; % Gr i d s a l e
GS_no ( i ) = ( PV_prod ( i )− To ta l _ Load ( i )−P_WHi_1 ) ; %Gr i d sa l e , no s t o r age
i f GS ( i ) <0 % I f g r i d s a l e i s below ze ro

GS ( i ) = 0 ; %Gr i d s a l e i s z e ro
end
i f GS_no ( i ) <0 % I f g r i d s a l e i s below ze ro ( no charge )

GS_no ( i ) = 0 ; % GRid s a l e i s z e ro
end
GP ( i ) = ( To t a l _ Load ( i ) + P_WHi−PV_prod ( i )−WH_charge ( i ) ) ; %Gr i d purchase

GP_no ( i ) = ( To t a l _ Load ( i ) + P_WHi_1−PV_prod ( i ) ) ; %Gr i d purchase ( no s t o r age )

i f GP ( i ) <0 % I f g r i d purchase i s below ze ro
GP ( i ) = 0 ; %Gr i d purchase i s z e ro

end
i f GP_no ( i ) <0 % I f g r i d purchase i s below ze ro

GP_no ( i ) = 0 ; %Gr i d purchase i s z e ro
end

NetLoad ( i ) = To t a l _ Load ( i ) + P_WHi ;
%To t a l r e s i d e n t i a l l oad i n c l u d i n g water hea t e r
NetLoad_no ( i ) = To t a l _ Load ( i ) + P_WHi_1 ;
%To t a l r e s i d e n t i a l l oad i n c l u d i n g water hea t e r ( no charge )
RES_LOAD=sum ( NetLoad )* de l t a _ T ; % In kWh
RES_Load1=sum ( NetLoad_no )* de l t a _ T ; % In kWh

GP_net=sum ( GP)* de l t a _ T ; %Gr i d purchase s t o r age
GP_net1=sum ( GP_no )* de l t a _ T ; %Gr i d purchase no s t o r age
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GS_net =sum ( GS )* de l t a _ T ; %Gr i d s a l e s t o r age
GS_net1=sum ( GS_no )* de l t a _ T ; %Gr i d s a l e no s t o r age
WHcharge_net=sum ( WH_charge )* de l t a _ T ; %Charge up demand i n kWh
NET ( i ) = To t a l _ Load ( i ) ; % R e s i d e n t i a l l oad ( no water hea t e r l oad )
Net1=sum ( NET )* de l t a _ T ; %In kWh
P_g r i d ( i ) = I _ g ( i )* V_sys ; % Gr i d c o n t r a i n t s i n kW

S e l f ( i ) = PV_prod ( i )−GS ( i ) ; % Se l f c on s ump t i o n i n kW
S e l f _ no ( i ) = PV_prod ( i )−GS_no ( i ) ; % Se l f c on s ump t i o n i n kW ( no s t o r age )

PVnet =sum ( PV_prod ) ; % PV p r odu c t i o n y e a r l y
S e l f N e t =sum ( S e l f ) ; % S e l f consumpt ion y e a r l y
Se l fNe t_no =sum ( S e l f _ no ) ; % S e l f c on s imp t i on y e a r l y ( kWh )
PVconsumption = ( S e l f N e t / PVnet )*100 ;
% Se l f−consumpt ion i n pe r cen tage
PVconsumption_no = ( Se l fNe t_no / PVnet )*100 ;
% Se l f−consumpt ion i n pe r cen tage ( no s t o r age )

%−−−−−−P r i c e c a l c u l a t i o n s −−−−−−−−%

i f GP ( i ) > P_ g r i d ( i ) % I f power purchased from g r i d i s above c o n s t r a i n t s
P_over ( i ) =GP ( i )− P_g r i d ( i ) ; % Overconsumpt ion

e l s e P_over ( i ) = 0 ; % E l s e ove r consumpt ion i s z e ro
end

i f GP_no ( i ) > P _ g r i d ( i ) % No s to r age ove rconsumpt ion
P_over1 ( i ) = GP_no ( i )− P_g r i d ( i ) ;

e l s e P_over1 ( i ) = 0 ;
end

i f NetLoad_no ( i ) > P _ g r i d ( i ) % No PV overconsumpt ion
P_over2 ( i ) = NetLoad_no ( i )− P_g r i d ( i ) ;

e l s e P_over2 ( i ) = 0 ;
end

P ( i ) = 0 . 7* ( GP ( i )−P_over ( i ) )* de l t a _ T + (1 . 25* P_over ( i ) )

*de l t a_T −0.5*GS ( i )* de l t a _ T ; %d a i l y energy b i l l
P1 ( i ) = 0 . 7* ( GP_no ( i )−P_over1 ( i ) )* de l t a _ T + (1 . 25* P_over ( i ) )

*de l t a_T −0.5*GS ( i )* de l t a _ T ; %d a i l y energy b i l l no s t o r age

P2 ( i ) = 0 . 7* ( NetLoad_no ( i )−P_over2 ( i ) )
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*de l t a _ T + (1 . 25* P_over2 ( i ) )* de l t a _ T ; %B i l l w i t hou t PV

Pnet =sum ( P ) ; %Sum of b i l l
Pnet1 =sum ( P1 ) ; %−.−
Pnet2 =sum ( P2 ) ; %−.−

B i l l = Pnet +150+2640; % To t a l b i l l
B i l l 2 = Pnet1 +150+2640; % To t a l no s t o r age

B i l l 3 = Pnet2 +150+2640; %To t a l b i l l no PV system
%−−−−−−−−−−−−Check Kwh above l i m i t −−−−−−−−−%
P_over_net =sum ( P_over ) ; % To t a l ove r consumpt ion
P_over_net1 =sum ( P_over1 ) ; %To t a l ove r consumpt ion no s t o r age
P_over_net2 =sum ( P_over2 ) ; % To t a l ove r consumpt ion

i f To ta l _ Load ( i ) > P _ g r i d ( i ) % I f the t o t a l l oad ( no water hea t e r ) i s above g r i d c o n t r a i n t s
GP_above ( i ) = ( GP ( i )− P_g r i d ( i ) )* de l t a _ T ; % Gr i d purchase above c o n s t r a i n t s i s

e l s e GP_above ( i ) = 0 ; % E l s e 0
end

i f To ta l _ Load ( i ) > P _ g r i d ( i ) % Gr i d purchase above c o n t r a i n t s ( no s t o r age )
GP_above1 ( i ) = ( GP_no ( i )− P_g r i d ( i ) )* de l t a _ T ; % Gr i d purchase above c o n t r a i n t s i s

e l s e GP_above1 ( i ) = 0 ; % E l s e 0
end

L o a d s h i f t =sum ( GP_above ) ; % To t a l l oad above g r i d l i m i t s i n peak hours
L o a d s h i f t 1 =sum ( GP_above1 ) ; % To t a l l oad above wi th no s t o r age

%−−−−−−−−−Save p l o t s−−−−−−−−−−%
P l o t _ T _ o u t l e t ( i ) = ( T_ou t l e t −32)*5/9;
P l o t _ T _ o u t l e t 1 ( i ) = ( T_ou t l e t1 −32)*5/9;
PlotWWH=WWHi ;
PlotWWH_1=WWHi_1 ;
PlotP_WH ( i ) = P_WHi ;
PlotP_WH1 ( i ) = P_WHi_1 ;
P l o t T ime ( i ) = i ;
PlotMax_WH ( i ) = Ts1_WH ;
PlotMin_WH ( i ) = Temp_low1 ;

end

f i g u r e ;
[ haxes , h l i ne3 , h l i n e 4 ] = p l o t y y ( P lo tT ime , P l o t _ T _ou t l e t , P lo tT ime , PlotP_WH ) ;
s e t ( h l i n e3 , ’ Co l o r ’ , ’ b ’ , ’ l i n ew i d t h ’ , 1 . 5 )% to change the f i r s t l i n e
s e t ( h l i n e4 , ’ Co l o r ’ , [ 0 . 2 0 . 8 0 ] , ’ l i n ew i d t h ’ , 1 . 5 ) % to change the second l i n e
s e t ( haxes ( 1 ) , ’ y l im ’ , [ 4 5 , 6 5 ] ) ;
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s e t ( haxes ( 1 ) , ’ Y T i c k ’ , ( 4 5 : 2 : 6 5 ) ) ;
s e t ( haxes ( 2 ) , ’ y l im ’ , [ 0 , 4 . 5 ] ) ;
s e t ( haxes ( 2 ) , ’ Y T i c k ’ , ( 0 : 1 : 4 . 5 ) ) ;
s e t ( haxes , ’ X l im ’ , [ 0 , 1 4 4 0 ] ) ;
s e t ( haxes , ’ X T i c k ’ , ( 0 : 6 0 : 1 4 4 0 ) ) ;
s e t ( haxes ( 2 ) , ’ YCo l o r ’ , [ 0 . 2 0 . 8 0 ] )
s e t ( haxes , ’ X T i c k L a b e l ’ , { ’ 12PM ’ , ’ 1AM ’ , ’ 2AM ’ , ’ 3AM ’ , ’ 4AM ’ , ’ 5AM ’ , ’ 6AM ’ , ’ 7AM ’ , ’ 8AM ’ , ’ 9AM ’ , ’ 10AM ’ , ’ 11AM ’ , ’ 12AM ’ , ’ 1PM ’ , ’ 2PM ’ , ’ 3PM ’ , ’ 4PM ’ , ’ 5PM ’ , ’ 6PM ’ , ’ 7PM ’ , ’ 8PM ’ , ’ 9PM ’ , ’ 10PM ’ , ’ 11PM ’ , ’ 12PM ’ } ’ ) ;
g r i d ;
hold on ;
p l o t ( P lo tT ime , PlotMax_WH , ’ r ’ , ’ l i n ew i d t h ’ , 1 . 5 ) ;
hold on ;
p l o t ( P lo tT ime , PlotMin_WH , ’ r ’ , ’ l i n ew i d t h ’ , 1 . 5 ) ;
t i t l e ( ’ P l o t � o f � Ou t l e t �Water� Temperature � over �Time� ’ ) ; % t i t l e
y l a b e l ( haxes ( 1 ) , ’ Water� Temperature � (^0 C ) ’ ) % l a b e l l e f t y−a x i s
y l a b e l ( haxes ( 2 ) , ’ Load�Demand� (kW) � ’ ) % l a b e l r i g h t y−a x i s
x l a b e l ( haxes ( 2 ) , ’ Time� ( Minutes ) ’ ) % l a b e l x−a x i s

f i g u r e ;
[ haxes , h l i n e3 , h l i n e 4 ] = p l o t y y ( P lo tT ime , P l o t _ T _ou t l e t 1 , P lo tT ime , PlotP_WH1 ) ;
s e t ( h l i n e3 , ’ Co l o r ’ , ’ b ’ , ’ l i n ew i d t h ’ , 1 . 5 )% to change the f i r s t l i n e
s e t ( h l i n e4 , ’ Co l o r ’ , [ 0 . 2 0 . 8 0 ] , ’ l i n ew i d t h ’ , 1 . 5 ) % to change the second l i n e
s e t ( haxes ( 1 ) , ’ y l im ’ , [ 4 5 , 6 5 ] ) ;
s e t ( haxes ( 1 ) , ’ Y T i c k ’ , ( 4 5 : 2 : 6 5 ) ) ;
s e t ( haxes ( 2 ) , ’ y l im ’ , [ 0 , 4 . 5 ] ) ;
s e t ( haxes ( 2 ) , ’ Y T i c k ’ , ( 0 : 1 : 4 . 5 ) ) ;
s e t ( haxes , ’ X l im ’ , [ 0 , 1 4 4 0 ] ) ;
s e t ( haxes , ’ X T i c k ’ , ( 0 : 6 0 : 1 4 4 0 ) ) ;
s e t ( haxes ( 2 ) , ’ YCo l o r ’ , [ 0 . 2 0 . 8 0 ] )
s e t ( haxes , ’ X T i c k L a b e l ’ , { ’ 12PM ’ , ’ 1AM ’ , ’ 2AM ’ , ’ 3AM ’ , ’ 4AM ’ , ’ 5AM ’ , ’ 6AM ’ , ’ 7AM ’ , ’ 8AM ’ , ’ 9AM ’ , ’ 10AM ’ , ’ 11AM ’ , ’ 12AM ’ , ’ 1PM ’ , ’ 2PM ’ , ’ 3PM ’ , ’ 4PM ’ , ’ 5PM ’ , ’ 6PM ’ , ’ 7PM ’ , ’ 8PM ’ , ’ 9PM ’ , ’ 10PM ’ , ’ 11PM ’ , ’ 12PM ’ } ’ ) ;
g r i d ;
hold on ;
p l o t ( P lo tT ime , PlotMax_WH , ’ r ’ , ’ l i n ew i d t h ’ , 1 . 5 ) ;
hold on ;
p l o t ( P lo tT ime , PlotMin_WH , ’ r ’ , ’ l i n ew i d t h ’ , 1 . 5 ) ;
t i t l e ( ’ P l o t � o f � Ou t l e t �Water� Temperature � over �Time� ’ ) ; % t i t l e
y l a b e l ( haxes ( 1 ) , ’ Water� Temperature � (^0 C ) ’ ) % l a b e l l e f t y−a x i s
y l a b e l ( haxes ( 2 ) , ’ Load�Demand� (kW) � ’ ) % l a b e l r i g h t y−a x i s
x l a b e l ( haxes ( 2 ) , ’ Time� ( Minutes ) ’ ) % l a b e l x−a x i s

f i g u r e ;
p l o t ( P lo tT ime , GP , ’ Co l o r ’ , [ 1 0 . 5 0 . 2 ] ) ;
x l im ( [ 1 5 25600 ] ) ;
s e t ( gca , ’ X T i c k ’ , [ 1 : 4 3 8 0 0 : 5 2 5 6 0 0 ] ) ;
s e t ( gca , ’ x t i c k l a b e l ’ , { ’ J an ’ , ’ Feb ’ , ’Mar ’ , ’ Apr ’ , ’May ’ , ’ Jun ’ , ’ J u l ’ , ’ Aug ’ , ’ Sep ’ , ’ Oct ’ , ’ Nov ’ , ’ Dec ’ } ) ;
y l im ( [ 0 . 1 8 9 ] ) ;
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s e t ( gca , ’ T i c k L e n g t h ’ , [ 0 0 ] )
x l a b e l ( ’Month� o f � the � year ’ ) ;
y l a b e l ( ’ G r i d � purchase � (kW) ’ ) ;
box on
x0 =50 ;
y0 =25 ;
width =558 ;
h e i g h t =178 ;
s e t ( gc f , ’ p o s i t i o n ’ , [ x0 , y0 , width , h e i g h t ] ) ;
%
% f i g u r e ;
% p l o t ( P lo tT ime , GP_no , ’ c o l o r ’ , [ 1 0 . 9 0 . 2 ] ) ;
% x l im ( [ 1 5 25600 ] ) ;
% s e t ( gca , ’ XT i c k ’ , [ 1 : 4 3 8 0 0 : 5 2 5 6 0 0 ] ) ;
% s e t ( gca , ’ x t i c k l a b e l ’ , { ’ Jan ’ , ’ Feb ’ , ’ Mar ’ , ’ Apr ’ , ’ May ’ , ’ Jun ’ , ’ J u l ’ , ’ Aug ’ , ’ Sep ’ , ’ Oct ’ , ’ Nov ’ , ’ Dec ’ } ) ;
% %y l im ( [ 0 . 1 8 9 ] ) ;
% s e t ( gca , ’ T i c k L eng th ’ , [ 0 0 ] )
% x l a b e l ( ’ Month o f the year ’ ) ;
% y l a b e l ( ’ G r i d pu rchase (kW ) ’ ) ;
% box on
% x0 =50 ;
% y0 =25 ;
% width =558 ;
% he i g h t =178 ;
% s e t ( gc f , ’ p o s i t i o n ’ , [ x0 , y0 , width , h e i g h t ] ) ;

% f i g u r e ;
% p l o t ( P lo tT ime , P_gr id , ’ Co lo r ’ , [ 0 . 7 0 . 4 0 ] ) ;
% x l im ( [ 1 5 25600 ] ) ;
% y l im ( [ 0 5 ] )
% s e t ( gca , ’ XT i c k ’ , 1 : 4 3 8 0 0 : 5 2 5 6 0 0 ) ;
% s e t ( gca , ’ YT i c k ’ , 1 : 5 ) ;
% s e t ( gca , ’ x t i c k l a b e l ’ , { ’ Jan ’ , ’ Feb ’ , ’ Mar ’ , ’ Apr ’ , ’ May ’ , ’ Jun ’ , ’ J u l ’ , ’ Aug ’ , ’ Sep ’ , ’ Oct ’ , ’ Nov ’ , ’ Dec ’ } ) ;
% %y l im ( [ 0 . 1 8 9 ] ) ;
% s e t ( gca , ’ T i c k L eng th ’ , [ 0 0 ] )
% x l a b e l ( ’ Month o f the year ’ ) ;
% y l a b e l ( ’ Power from the g r i d (kW ) ’ ) ;
% box on
% x0 =50 ;
% y0 =25 ;
% width =558 ;
% he i g h t =178 ;
% s e t ( gc f , ’ p o s i t i o n ’ , [ x0 , y0 , width , h e i g h t ] ) ;
%
f i g u r e ;
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p l o t ( P lo tT ime , GS , ’ Co l o r ’ , [ 0 . 5 0 . 4 0 ] , ’ l i n ew i d t h ’ , 0 . 7 ) ;
x l im ( [ 1 5 25600 ] ) ;
x t i c k s ( [ 1 : 4 3 8 0 0 : 5 2 5 6 0 0 ] ) ;
x t i c k l a b e l s ( { ’ J an ’ , ’ Feb ’ , ’Mar ’ , ’ Apr ’ , ’May ’ , ’ Jun ’ , ’ J u l ’ , ’ Aug ’ , ’ Sep ’ , ’ Oct ’ , ’ Nov ’ , ’ Dec ’ } ) ;
s e t ( gca , ’ T i c k L e n g t h ’ , [ 0 0 ] )
x l a b e l ( ’Month� o f � the � year ’ ) ;
y l a b e l ( ’ G r i d � s a l e � (kW ’ ) ;
l egend ( ’ G r i d � s a l e �wi th � therma l � s t o r a g e ’ , ’ G r i d � s a l e �no� s t o r a g e ’ )
box on
x0 =50 ;
y0 =25 ;
width =558 ;
h e i g h t =178 ;
s e t ( gc f , ’ p o s i t i o n ’ , [ x0 , y0 , width , h e i g h t ] ) ;
hold on
p l o t ( P lo tT ime , GS_no , ’ Co l o r ’ , [ 0 . 5 1 0 . 7 ] , ’ l i n ew i d t h ’ , 0 . 7 ) ;
%
%
% p l o t ( 1 : 1 : 1 4 4 0 , f r _ 1 ) ;
% s e t ( gca , ’ XT i c k ’ , [ 0 : 6 0 : 1 4 4 0 ] ) ;
% s e t ( gca , ’ x t i c k l a b e l ’ , { ’ 1 ’ , ’ 2 ’ , ’ 3 ’ , ’ 4 ’ , ’ 5 ’ , ’ 6 ’ , ’ 7 ’ , ’ 8 ’ , ’ 9 ’ , ’ 1 0 ’ , ’ 1 1 ’ , ’ 1 2 ’ , ’ 1 3 ’ , ’ 1 4 ’ , ’ 1 5 ’ , ’ 1 6 ’ , ’ 1 7 ’ , ’ 1 8 ’ , ’ 1 9 ’ , ’ 2 0 ’ , ’ 2 1 ’ , ’ 2 2 ’ , ’ 2 3 ’ , ’ 2 4 ’ } ) ;
% x l a b e l ( ’ Time ( h ) ’ ) ;
% y l a b e l ( ’GPM ’ ) ;
% g r i d ;
%
% f i g u r e ;
% p l o t ( P lo tT ime , S e l f c on sumpt i on , ’ Co lo r ’ , [ 0 . 1 0 . 1 1 ] , ’ l i n ew i d t h ’ , 0 . 7 )
% x l im ( [ 1 5 25600 ] ) ;
% x t i c k s ( [ 1 : 4 3 8 0 0 : 5 2 5 6 0 0 ] ) ;
% x t i c k l a b e l s ( { ’ Jan ’ , ’ Feb ’ , ’ Mar ’ , ’ Apr ’ , ’ May ’ , ’ Jun ’ , ’ J u l ’ , ’ Aug ’ , ’ Sep ’ , ’ Oct ’ , ’ Nov ’ , ’ Dec ’ } ) ;
% %y l im ( [ 0 . 1 8 9 ] ) ;
% s e t ( gca , ’ T i c k L eng th ’ , [ 0 0 ] )
% x l a b e l ( ’ Month o f the year ’ ) ;
% y l a b e l ( ’ S e l f consumpt ion ( % ) ’ ) ;
% legend ( ’ S e l f consumpt ion wi th the rma l s to rage ’ , ’ S e l f consumpt ion no s to rage ’ )
% box on
% x0 =50 ;
% y0 =25 ;
% width =558 ;
% he i g h t =178 ;
% s e t ( gc f , ’ p o s i t i o n ’ , [ x0 , y0 , width , h e i g h t ] ) ;
% ho ld on
% p l o t ( P lo tT ime , Se l f consumpt i on_no , ’ Co lo r ’ , [ 0 . 1 1 0 . 1 ] , ’ l i n ew i d t h ’ , 0 . 7 ) ;
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Figure A.3: Inverter used for capital investment
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