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Abstract

The purpose of this study is to investigate the use of thermal storage in building integrated pho-
tovoltaic (BIPV) systems for reducing energy demand during peak hours and to increase the self-
consumption. With the rapid increase in electrical appliance use, the energy usage is becomingin-
creasingly demanding on the power grid. With the increase of demand comes inevitable changes
to the electricity tariffs, and the utility 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 options. A BIPV system for a typical household is analyzed in a mathemati-
cal model to study the effects of electric water heater (EWH) under grid constraints. Through the
control of EWH based on current restrictions it was observed that the EWH successfully increased
the self-consumption of the building with 4 %. The economic assessment saw a decrease in lev-
elized cost of energy (LCOE) of 7 @RE/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-consumption can also increase. Overall, the proposed
logic for current regulation of the EWH proved to lower the the peaks, though further research
has to be done in relation to applicability of EWH as a storage option.
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Chapter 1

Introduction

To make the electrical grid greener and more demand-side focused and to make the transition
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(hZEB)[]. To manage the energy demand
for new buildings and reduce its dependency on the grid, generating 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 intermittency 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 continuation of the study researched the techno-economic impact of battery
storage in a BIPV system under grid constraints[4], though it is important to further investigate
BIPV systems for techno-economic assessment, incorporating different storage options, such as
thermal storage, with the inclusion of grid constraints.

Exploring alternative storage options is important for making building near-zero energy. Con-
sidering Nordic countries, where solar intermittence is a concern, getting the most out of the BIPV
system through proper storage is important. Hirvonen et. Al[F] reports that electric heating can
significantly increase the self-consumption of buildings. Considering the added expense battery
storage would bring, and the environmental impact of digging for precious metals and their pro-
duction, different storage options must be studied. Thus the use of electric water heater (EWH)
for energy storage may 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 continues to rise[6], and it is becoming in-
creasingly difficult to meet the individual demand for electricity without over-expanding the power
grid. The European Commission has identified the building sector as one of the key sectors in
achieving the 20/20/208 targets of EU. Figure [[.7 presents the electricity consumption 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[{]]
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Figure 1.1: Share of Electricity consumption in Norway - 2017

The statistics show that 34% of electricity consumption comes from households and agricul-
ture, thus making this sector a notable contributing factor. As mentioned, 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 construction built
in 2020 should be near zero energy (2014 for public buildings)[{].

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 generation 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[]. Due to this legislation, it is important to develop the most effective solutions for
reducing reliance on the grid. Research can prove both technically and economically valuable.

In2017, w submitted a proposal for new energy pricing mechanisms, due to the increasing
power consumption in Norway([B]. The proposal was submitted considering the changes in the
power grid due to the increase in population and power usage. NVE mentioned that there is a
need for adjustment of power tariffs as the consumption is increasingly demanding on the grid
when we want to use the electricity at the same time.

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 consumption in hours where the demand
is high. In the short term, the end-user will have the incentive to adapt to keep the consumption
within grid limits. In the long term, end-users will have an economic incentive to take measures
making it profitable to select a subscription-based on lower grid constraints[9].

BIPV systems can contribute to keeping the grid demand below the limit. However, grid pur-
chase and load consumption can be further reduced through the implementation of thermal stor-
age. Through the shifting of water heater load, the demand during peak hours can be lowered.
Figure [.2 illustrates the concept of using storage options with BIPV.

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

The available solar energy can, with the usage of energy storage, shift the load to after peak
hours, optimally to a point in which the energy is cheaper (e.g., Early hours). Electric battery
storage options such as lead-acid or lithium-ion batteries are popular options for storing energy
although vary in lifespan and costs. The lead-acid battery is less expensive than the lithium-ion
but has a lower lifespan. Although electric batteries are highly reliable and offer dispatchable
electricity, investigating different storage options is beneficial in terms of promoting the use of
PV systems. Depending on the location and through proper management, storage can offer an
increase in self-consumption and reduction of energy cost.

1.2 Report structure

The outline of this report is as follows.

e Chapter 1 - Introduction
This chapter presents the introduction to the problem along with a background for problem
definition. The background outlines the demand for research in the area and expresses the
idea behind photvoltaic (PV)) systems in combination with storage.

¢ Chapter 2 - Research question
Research questions are developed based on the problem definition referenced in Chapter
chapter 1,section 1.1].

¢ Chapter 3 - Theory
This section presents the theory for the task. Here, important concepts and equations is
introduced to complete the work for this project.
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Section 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.

Section 5 - Thermal storage with PV system, role of water heater

In this section, 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.

Section 6 - Results
The results section will present the outcome of the work.

Chapter 7 - Discussion
A discussion of the results will be presented in combination 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 section. A definitive answer
to the research questions will be presented, and suggestions for further research will be
recommended.
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Research question

In this work, a BIPV system with thermal storage will be studied. Solar irradiance data is utilized
together with a synthetic residential load profile. A model thermal storage is implemented in the
system to assess techno-economic performance with regards to grid constraints. Some assump-
tions is made based on consumer behaviour for water draw as well as utility electricity tariffs. A
system design for a household located in southern-Norway is presented where intermittent PV
power generation introduces the need for thermal storage. The thermal storage will contribute
to lowering the load demand during water draw and increase the self-consumption of the build-
ing. To obtain results of the BIPV system, a mathematical model is developed in MatLab. Irradi-
ance data, residential load data, and thermal storage operation is incorporated in the model. A
proposed logic is developed for the building operational performance with thermal storage re-
garding grid constraints. An illustrative concept of the BIPV system is presented. Calculations on
the economic performance will be presented and discussed. The techno-economic performance
presented will be based on the research questions:

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

2. How much will the thermal storage increase the self-consumption compared to other stor-
age options such as battery.

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

Inthe interest of reducing the grid consumption, EWH is one of the most beneficial and convenient
household appliances to control being the largest consumer of electricity. The EWH also works as
a storage and attains advantages compared to battery storage as it acsessible in every household.
In this section, a description 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 optimisation used to dictate and influence
the customers use of electricity to avoid or produce changes in the utility’s load curve/shape. The
goal of DSM is to regulate the load curve for better balancing of the power system. Due to the
lower utilisation of generation and networks (50%), DSM can significantly increase the efficiency
of the power system[i10]. 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 adjusting the use and timing 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 functions for different applications and
situations. Figure B.J presents an overview of DSM strategies.

Demand side
management
-
Demand Energy
response effienciency

Dispatchable MNon- |
dispatchable
Tinme
Reliability Economic sensetive
pricing
|
- Energy- i Energy
Capacity Reserves B e s Regulation | price’
£3 —F £ Time of use (TOU)
Direct load Spinning Demand
control resere Emergency bidding and Cr_itical peak
by baek pricing(CCP)
Interruptable MNon -
load spinning Real time pricing
reserves (RTP)

Critical peak

pricing

System pealk
Load as response
capacity transmission trariff
rescurce (4CP response)

Figure 3.1: Overview of DSM strategies
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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 (incentive 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 B.2 illustrates the most common changes to the load curve through implementation of

A A A,

Conservation ~ Load Building

ValleyFilling ~ HexibleLoad [ .4 Shitin
Shape :

Figure 3.2: Possible changes in the load curve through implementation 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 shutting down equipment for short periods of time or through distributed generation
stations.
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3.1.2 \Valley filling

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

3.1.3 Load shifting

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

The use of EWH as a storage option 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 shifted due to charge up of EWH. The EWH is working as a combination of peak
clipping and valley filling to get a load shift of thermal demand.

3.2 Building integrated photovoltaics

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

One of the advantages of integrating photovoltaics on new buildings, is that intial cost of in-
tallation may be reduced, by reducing the amount of building materials and labor normally used.
The installation of photovoltaics may also be included in the mortgage further making it profitable
and provide more incentive for consumers to favor BIPV[12].

Grid purchase is the amount of kW demanded from the grid at any time. When houses are
implemented with a PV system, naturally the grid purchase will decrease due to PV production ac-
counting for loads during day-time. Nevertheless, there is still a grid demand during early evening
hours. With the implementation of water heater as a thermal storage option, the grid purchase
should in theory decrease due surplus PV production 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 mathematical model. The economic calculations are based on the methodology
reported in [[13],[14]]. Key contributions to figuring LCOE incorporate capital costs, fuel costs,
fixed and variable tasks and support (O& M) costs, financing costs, and an assumed utilization 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 operation and management costs, for
example, solar and wind, the LCOE changes almost proportional to the estimated capital cost[15].
Levelized cost of energy analysis is calculated using equation B.1.
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Zf} To+M;+F;
i=1  (14d)?

LCOFE = — T, (3.1)
i=1 (T
Where
1 = Year
n = System lifetime

Iy = Capital investment

M, = Operation and maintenance cost
F; = Fuel cost

d = Discount rate

The captital investment of the system is based on total Net cash flow (NCF) of the system ref-
erenced in [16]. The NPCis given by equation and consist of the total capital investment (Cpy,sys),
the present value of operation and maintenance cost (O Mpy/) and the present value of system
replacement cost (Zpy). The net cash flow of the PV system (Cncr py) is defined using equation

%)
Cncrpv = Cpysys + OMpy + Rinv (3.2)

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

Cpv,sys = Cpy + Crny + Crac (3.3)

The operation and maintenance cost of the PV system is defined using equation B.4 or equa-

tions B.5 and B.6

N
OMpy = OM, (2790 . |1 (LT (3.4)
d—eg d—ep
OMpy = OMy - N (3.5)
OMy =m (CPV,sys) (3.6)

Where

eg = Operation cost rate
N = Lifetime of PV system
m = Percentage of captital investment

The inverter replacement cost R;ny is a function of the number of inverter replacements,
excluding the salvage value.
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v Nj
1+eg) vt
Riny =Y Ciny - ( T ;) (3.7)

j=1
Where v is the total number of inverter replacement over a lifetime of N=25 years PV system.

Net Present Value (NPV) is a typical estimation of future pay (or investment funds) from a
PV installation. 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 lifetime of the
speculation (i.e., the current dollar estimation of future incomes, determined utilizing 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 estimate the value of future income for a solar-power installation is the
net present value (NPV). The NPV (given in NOK) is calculated by deducting the cost of the initial
investment from the sum of the total discounted future cash flows. In solar power, this initial
investment is the system cost, and future cash flows are the resulting energy savings. The NPV
can be calculated using equation B.§

Cashflowz
NPV = Z 0t d) (3.8)

Based on the above economic metrics, calculations on the BIPV system can be done to assess
the economic implications of BIPV system with thermal storage.
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Chapter 4

Literature Review

A review of the literature was done to justify the relevance of the research questions. Studies
reporting on BIPV systems and their different storage options are reviewed to develop an under-
standing of state-of-art within the field and to compare results from similar technologies based
on geographical location. 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 sensitivity 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 implementation of storage and its implications on the electricity price and self-consumption,
though yearly self-consumption in this system was 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 domestic use tariffs.

Lang, Ammann, and Giro[20] investigated the economic performance of rooftop PV regarding
investment opportunities. 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 residential buildings) and offices. The economic potential was evaluated based on
the internal rate of return (JRR) 0 and varying electricity pricings. Results from simulation on large
residential buildings show a significant feed-in remuneration. In regards to IRR, studies show that
Germany, with lower solar irradiation, had a higher IRR due to comparatively lower energy prices.

Furthermore, it was noticed that relation between electricity prices and IRR was not linear,
suggesting that electricity prices could, in some cases, decrease considerably before IRR is ef-
fected. The study mentioned avenues for future research, where energy storage should be inves-
tigated to extend further understanding of rooftop PV potential, as well as economic value. A BIPV
system with battery storage was investigated 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 battery simulation. The tool was developed based on
parameter variation in PV size and storage capacity as well as economic variation opportunities
such as electricity price. Operation 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-
tion. One load profile developed, were of a standard load profile (high baseload), an aggregated
load profile of a larger group of households. The article introduced the concept of autarchy 2. The
results from the standard load profile showed that self-consumption and autarchy with PV and PV
with the battery 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-consumption and autarchy
with the case of only PV. Adding the battery leads to a higher increase in self-consumption and

YInternal rate of return - a discount rate that makes the net present value (NPV) of all cash flows equal to 0[21]]
2the relation between energy used by the PV and energy consumed by the household

13
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autarchy. When simulating with a more realistic, the self-consumption and autarchy were the
lowest, which was also remarked for future studies, suggesting that the use of generated stan-
dard aggregated load profiles may result in too optimistic results in terms of total cost and battery
sizing. Regarding the electricity prices mentioned, the assumed feed-in tariff used was more than
two times lower than the electricity price.

In regards to other storage options and optimization, several studies have been conducted on
the alternatives [[18],[2],[22]] Shabani and Mahmoudimehr[18] made the interesting approach
of sun-tracking technology in a PV system, using pump storage to increase the potential 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, highlighting the call for research on
different alternatives in PV systems and storage.

Williams, Binder, and Kelm studied thermal storage, heat pumps, and battery storage, [22] to
compare self-consumption in buildings with integrated PV in Stuttgart, Germany. The proposed
building had an area of 140 m? with four residents. The approach was based on simulation analy-
sis of time-series of PV generation, local demand, and local demand for heat. A profile for hot wa-
ter demand was developed, assuming that large water draws occur in the early hours around 6 AM
and large duration water draws during evening hours. Results showed that the self-consumption
of heat pump and storage could be increased from 55% to 65% self-consumption, depending on
the heating load and storage tank size, pointing out that self-consumption is critically 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 simulations implemented a “delayed charging” strategy
for higher PV production months. Regarding tank sizing in regards to self-consumption and eco-
nomic indicators, Baniasadi et al. [23] studied how to optimize electrical and thermal storage sys-
tems. Baniasadi remarked that thermal storage, in combination with electrical storage systemes, is
economically and eco-friendly options and provide more sustainable solutions for end-users com-
pared to only electrical systems for energy management[23]. The studies were based on Monte
Carlo simulation with one-year weather data as input to the model. In a sensitivity analysis, in
regards to the battery and thermal storage sizing, it was indicated that in combination, 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 optimal tank size is around 2000 I. The study was based on real-
time price and time-of-use tariffs and did not sufficiently address the impacts of using a smaller,
more typical residential storage tank. In regards to other economic parameters, it can be assumed
that a tank size of around 1500 L would be optimal.

Thygesen and Karlsson investigated which storage system would give the highest level of PV
self-consumption[24] in a 138 m? building with four residents. The study investigated a 48 kWh
battery 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 calculations were based on Levelized cost of energyE, and showed that

3| evelized cost of energy (LCOE), is a measure of the average net present cost of electricity generation for a gener-
ating plant over its lifetime[25]
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the battery system proved twice as expensive in terms of LCOE compared to the thermal stor-
age. The authors mention that the LCOE model is not an optimal method for assessing a system’s
profitability, but rather supplementing with future electricity costs when purchasing or selling.
The two systems proved similar self-consumption levels, observing a 32% increase with hot water
storage, up to 88%.

Hirvonen, Kayo, Hasan, and Sirén presented a study on thermal storage options in Nordic
conditions[H], comparing heat pump to electric heating. The direct electric heating tank consisted
of two separate layers, serving different purposes. Domestic 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 heating. The tank sizing used in the study were 300 L. Self-consumption increased from
15% to 70% using direct electric heating. It is important to note that the space heating demand
was relatively great in this study, accounting for 54% of total demand. Hot water demand was
17.9%. Additionally, 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 optimal system
sizing for heat pumps and thermal storage [26], Fischer et al. concluded that integrating PVs on
already existing houses does not require an increase in thermal storage size. It is also implied that
through overheating of thermal storage, that additional storage capacity is economically viable.

In regards to potential grid constraints, Sharma, Mohan, and Sharma[{]] presented a study on
the techno-economic performance of BIPV using battery storage under grid constraints as a con-
tinuation of previous work on BIPV with battery storage; the results showed that under monthly-
fixed and yearly-fixed power contribution from the grid, the PV system with battery storage could
perform a better 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-consumption when implementing PV. It was also concluded
that the BIPV system with 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] mentions that through proper energy storage, energy performance could be further in-
creased in regards to grid constraints.

Several studies have been done on utilizing PV power for auxiliary heating using hybrid photovoltaic-
thermal systems, implemented with solar thermal collectors. Regarding true PV, studies on en-
ergy storage are mostly focused on batteries, not thermal storage[5]. Assumptions made in this
work are based on the research articles reviewed.

4.1 Industry development - Danfoss Denmark

With regards to researching thermal storage options and their technical performance, HORFOR
(greater Copenhagen utility) district heating was established in Denmark as a demonstration project
in 2018. Through district heating 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 heating capacity of 1MW, enabled by the heat pump based on groundwater. The
tank is 100 cubic meters and corresponds to a 4 MWh battery. The estimated CO2 savings are
315 tonnes annually[27]. This project highlights the potential of thermal storage and why it is
essential for researchers to study its potential usage.
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Role of water heater, thermal storage with
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 option. By controlling of current to the water heater, self-consumption can be
increased, and further avoiding load above grid limits. The goal is to charge the water heater
during high solar electricity production 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 the MatLab environment and data based on solar irradiance,
and the residential load is used to develop a mathematical model where a profile for monthly-
fixed grid constraints is developed based on the residential load profile. A profile based on water
draw is designed based on assumptions taken from the literature review. In addition to modeling a
building capable of having an energy demand below the grid constraints, the study will investigate
if the household is capable of becoming a near zero-energy building. Economic assessments are
done based on results from the mathematical model.

17
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5.1 System description

A general overview of the system is shown in figure 5.1l The solar panels are building integrated,
but can also be retrofitted 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 production.

V7 Solar panels—non-

controllable

non-controllable

A Residential load—

Ib(t) — control of
water heater current

& —

Grid limit

A—-
Figure 5.1: Physical system

The grid supplies 230 V AQ (alternating 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 heating element pertaining to four residents.

5.2 Water heater load modeling

This section presents the development of the water heater load model, together with its validation
and aggregation to obtain load profiles of the water heating load.

To design a functional controller, a load model for the water heater is developed based on the
DR(demand response)-enabled water heating load model by Shao[28]. The load model is used
in the mathematical model in MatLab. The water heater temperature is calculated according to
equation 5.3[28].
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Toutlet,i(vtank - fri : AT) + ﬂnlet ) fri At

Toutlet,i—i—l =

V:‘,ank ‘/tank
1gal 3412 Btu Atank . (Toutlet — Ta)
Q34 |PVH T Rt (5.1)
At
‘/tank
Tiniet = Temperature of inlet water (°F)
T, = Room temperature (°F)
fri = Hot water flow rate in time slot i (gpm)
Aqani = Surface area of the tank (ft2)
Viank = Volume of tank (gallons)
Riqnk = Heat resistance of tank (°F' - ft? - h/Btu)
At = duration of each timeslot (minutes)
The power to the EWH is calculated using equation 5.2
pwH,i =pwn - WWH,; (5.2)

Where WW H; is the control signal given to the EWH (1 or 0).

The parameters selected for the water heater model is based on assumptions referring to a
typical household of 4 residents. One minute resolution is used in the implementation, which is
also based on the suggestion made by[17]. Table 5.7 presents a summary of data used in the water
heater model, which includes details of the water tank, water temperatures, power consumption,
and water usage profile.

Table 5.1: Parameters of water heater

Parameter Value

Trnax 157 °F
Ty s 140 °F
Tiow 120 °F
Tinlet 68 °F

T, 68 °F

fri Appendix
Atank 14 ft?
Viank 80 gallons
Riank 16 °F-ft? - h/Btu[29]
AT 1 minute
Pwtmaz  2.5kW

n 0.80

Where,
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Timaz = Max charge-up temperature

Twu,s = Hot water setpoint temperature

Toutiet,; = Outlet water temperature of the tank (Temperature inside tank)
ATw g = Minimum temperature of the tank

Wwn,; = Status of the water heater in time 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 estimates that around 13 % of the energy usage in a household
goes to water heating[30]. The usage pattern 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
resolution for the flow rate is used to coincide with the residential load demand profile. Figure
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 production 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 data may update some seconds before or after.
It is therefore converted to fixed 1-minute intervals to be used in accordance with the residential
load demand and water draw profile. Technical parameters for the solar panels are based on the
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performance assessment by Paudyal and Imenes [31]. Table b.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 185 %
Rated voltage Vmp 29.6.5V
Rated current Imp 7.61A
Open-Circuit voltage 36.7 V
Short-Circuit current  8.15 A

Max system voltage 600V

The yearly solar irradiance W /m? can be seen in figure 5.4 Location 58°20'02.0”N 8°34'38.1"E.
The PV system is installed on the south-facing roof, with a tilt angle of 39°[31].

< 1500
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W/m

Solar irradiance (

Figure 5.4: Solar irradiance W /m? for the year 2015

5.5 Residential load and solar panel configuration

Load data was synthesized in HOMER Grid software specifying typical load profiles included with
some randomness. HOMER Grid lets the user choose among different types of load profiles, from
residential and commercial to industry and community. A synthetic load based on residential was
selected to create an annual load profile for a typical household in the software. An option to se-
lect peak month is used and set to January to get cyclic annual variation. To fit the application, the
option for “Scaled Annual Average (kWH/day)” is used. Based on a typical Norwegian household
minus load demand of the water heater, the kW h/day parameter was set to 37.26. Data from
the software is interpolated for minutely values to coincide with the 1-minute resolution of the
mathematical model. Figure B.5 presents the annual load in (kW).
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Figure 5.5: Residential load

An overview of the housing parameters are shown in Table B.3, based on research develop-
ment by Azmi [2], and Sharma et. Al[4].

Table 5.3: Overview of installed peak capacity and PV production

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 description in
and will present a major factor in the economic assessment. The inverter (INVT - BG7
3-phase[Appendix]) was selected based on the characteristics 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 rating of 7kW.
For ideal operation, 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
Starting Voltage (V) 200
Min. Operating Voltage 180

MPPT operating 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 192

- number of MPPT

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 utility 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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Power from the grid (kW)

Figure 5.6: Month-wise grid constraints

The monthly-fixed limits are constructed based on the residential 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 pricing models proposed by NVE, the energy tariffs are constructed
based on their proposal with some assumptions based on geographical location. Table 5.5 presents
the proposed model for energy tariffs.

Table 5.5: Cost model for subscribed power

Fixed price ‘ Subscribed power ‘ Energy tariff ‘ Overconsumption tariff
2640 (NOK/year) | 643 (NOK/kW limit) | 70 (@re/kwh) | 125 (@re/kwWh)

Where subscribed power is assumed based on geographical location of the BIPV system (e.g.
Southern-Norway), the energy tariff and overconsumption tariff is based on the proposal from
NVE and proposed pricings made in a pilot project by Lyse Nett[33]. The assumed energy tariffs
will contribute to the economic assessment. The over-consumption tariff may play a significant
factor on the Net present cost of the system over a lifetime. 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 50 RE/kWh
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5.8 Mathematical model

A mathematical model was developed in a MatLab environment to obtain technical results from
the proposed BIPV system with thermal storage. Conditional programming was used to develop
the control of water heater. Parameters of the water heater, the residential load, PV production,
and grid constraints were implemented in the model. The water heater profile is assumed to be a
normal daily usage pattern throughout the year and is therefore repeated for the simulation time.
Results from the simulation are presented in the results section to evaluate the techno-economic
performance of the system.

5.8.1 Data handling and model validation

Parameters for the load model was set up in the mathematical model. A for loop was constructed
in the model, implementing equation 5.3 based on outlet temperature of the water heater. A fixed
value for the rated power of EWH is used. To test and validate the load model - simulations were
ran with a randomized water draw profile. A simple control of the EWH is implemented where
the turn-on signal WIW H; = 1 is given when temperature is below the minimum limit T;ow and
turn-off signal is given WW H; = 0 when the temperature is above maximum limit Ty g .

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 time 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 substantial amount of missing data scattered over large timeframes, making it difficult to
obtain a realistic yearly irradiance curve without manipulating the data.

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

PVyroduction = Irradiance - Area - Panelyy (5.3)

Data for the residential load based on average hourly values was initially implemented in the
model but proved hard to manipulate and less ideal when using a 1-minute resolution for the sim-
ulation. New data sets was then taken from the HOMER Grid software referenced in fection 5.5.

As referenced insection 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 sections. To
get the power available from the grid - an assumption was made on the behavior of the household-
, that over-consumption 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 fraction of the monthly peak.

Furthermore, the currents for solar, grid and residence were calculated based on the system
voltage Vs, referenced in and is given by equation 5.4.

P
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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.
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Figure 5.7: Flowchart for current control

If the water heater’s outlet temperature is less than the minimum allowable temperature
Tiow, the water heater is set to rated power to maintain a comfortable temperature level. If there
is available solar current, I,,,,(t) > I;(t) (e.g. Solar supply is higher than load demand), the current
available to boiler I,(t) is the delta A between those currents. At high solar power production,
the current available is sometimes 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, I,(¢) is AI between the grid constraints and load current. Furthermore, if
the current calculation is below zero at any point, the current is set to zero. The current control
can also be expressed, as seen in the conditions below.
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Il(t) — Ig(t) + Ipv(t) Ipv(t) < Il(t)

I, — Ipv(t) — Il(t) Ipv(t) > Il(t) (5.5)
g = .
Ib,mam Ib(t) > Ib,max
0 Ib(t) <0

5.8.3 Water heater status

Figure .8 represents a flowchart for deciding the status of the water heater.
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TDutIet,i<T|ow N PV( ) |( )
|

Toutlet,i > Yes

Tmax
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Yes Toutlet.i >
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Figure 5.8: Flowchart for water heater status

Yes

In the figure, WIW Hi = 0 and WW H¢ = 1 represents the status of the water heater. 0 is
off, and 1 being on. T;,y4¢¢,i, the outlet temperature is calculated. If the temperature is below the
threshold, the water heater is turned on. For regular operation, if the outlet temperature is above
setpoint temperature T,,,,., the water heater is turned off. For charging of water heater, the status
is based on available current to the boiler. If there is available solar current after covering the load
demand, the water heater is on, until reaching max point temperature for charging T’,,q4,charge-

Based on the proposed logic in the mathematical model, the grid purchase was calculated
using equation B.6.

Gridpurchase = Totaljpad — P%roduction (5.6)
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Where Totalj,qq is the combination of load from the residence added with the load from the
water heater. Considering the logic used in the model, the power used by the water heater during
charge-up has to be deducted from the equation. Furthermore, at times where solar production
is below zero, grid purchase will be negative, therefore set to zero.

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

tion 5.7

G'Tidsale = P‘/;)roduction - TOtalload (5-7)

Again, if the value is below zero, the grid purchase is zero. To calculate the self-consumption
of the building, equation 5.§

PV, d
Sel on = By >
I consumption P Vproduction -

5.9 Economic assessment

To make an assessment of the economic parameters, results from the technical model in MatLab
is used in evaluation. Assumptions based on previous research in the field[[31],[4],[34],[35],[16]]
was used and is presented in table b.6.

Table 5.6: Assumed parameters for economic assessment

Parameter Value
Future value discount rate (%) 5.5[4]
Electricity price inflation rate (%) 1.9[4]
Operation and maintenance rate (%) 1[34]
Operation and maintenenace cost (NOK) 717.2
Annual output degredation (%) 0.17[31]
System captital investment(NOK) 71782 [B6]
Inverter replacement time (years) 15[16]
Inverter replacement cost (NOK) 21500
Operating cost rate (%) 5.5[16]

Excel was used to calculate the indicators for economic assessment based on equations pre-
sented in fection 3.3. For calculating the operation and maintenance cost, equation B.5 is used as
the discount rate d and operating cost rate ¢ is equal. A lifetime of 25 years to obtain the LCOE
value for the system with and without thermal storage. The spreadsheet for calculations is found
in Appendix where yearly values for the NPV is found based on equation B.8.
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Experimental Results

This section introduces the experimental results from the mathematical model. Results will show
the technical effect on the technical parameters of the BIPV model. The mathematical model is
simulated for an entire year, with minutely iteration. 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 validation

For a typical day with PV production, the BIPV system utilizes surplus energy to charge the wa-
ter heater. The daily profile for water heater charging is presented in figure p.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 production.

The figure includes start-up of the water heater occurring at 00:00 in the morning, displaying a
rated power demand at this time. The water 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
duration of 5 minutes. Two more water draws occurs resulting in a drop of water temperature
below the minimum limit 7;,,;,,. Based on the controller logic, the grid is now forced to supply
the water heater with rated power, resulting 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
production, reaching a the maximum temperature T,,,, of 70 degrees at at 09:30. Additional
water draws occur throughout the day, however, the surplus PV production upholds the water
temperature during this period. At time 17:15, additional water draw of 2 gallons/min for a
duration 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 interesting

to analyse the grid contributions with month-wise limits. Figure .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 noticeable that there
are spikes in grid purchase extending above the grid constraints. Furthermore, analysis shows the
water heater load is also contributing to electricity over-consumption.
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Figure 6.2: Grid purchase without thermal storage

Figure presents the grid purchase when the system is implemented with thermal storage.
Noticeable 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 b1 presents the technical indicators of the system. The implications of the results will
be further discussed in
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Table 6.1: Resulting grid purchase and over-consumption

Storage No storage

Overconsumption (kWh) 613.93 692.25
Grid purchase (MWh) 10.58 10.74
Percentage overconsumption (%) 5.79 6.44

6.3 Effect on grid sale

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

Figure b.4 presents the grid sale with and without energy storage for the entire 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 option 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-consumption and load shifting

Load shifting is referenced in for reducing stress on the grid during peak hours and
also decrease the electricity bill. One of the main reasons for thermal storage implementation
is to shift the thermal load to off-peak hours, thereby reducing the electricity bill. Results taken
from the mathematical model is presented in tablep.2.

Table 6.2: Self-consumption and peak overload

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

It can be seen from the table that the self-consumption is increased by 3.95 %. The peak
overload, - load comsumed above grid constraints during peak hours is decreased with 51 kWh
when implementing 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 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 option 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 mathematical 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 calculations 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 option, 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 option, 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 section 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 questions presented in

chapter 2.

One of the main objectives for this work was to compare the different storage options in a
Nordic environment. In thapter 4, we reviewed several studies on the techno-economic analysis
of BIPV systems. With reference to self-consumption in Sweden, Thygesen and Karlsson[24] saw
an increase in self-consumption 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 potential.

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-consumption from 15% to 70%. It is important
to note that the water heater also distributed energy for space heating, having a load demand
accounting 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-consumption percentage is critically 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), indicating
that a larger tank size would increase the self-consumption 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 irradiation 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 /kW h under monthly-fixed grid limits, where capital
investment of battery was considered and a system time of 10 year. In the economic analysis,
the present study found a LCOE of 1.136 NOK /kW h, though a higher capital investment was
assumed and a system time of 25 years.

Furthermore, the economic performance of BIPV with energy storage system mainly depends
on the assumptions associated with PV and battery costs, as mentioned by Sharma et al. [3].
Moreover, Baniasadi et al.[23] studied the optimal 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, indicating that assumption on pricing may distort results. Although,
as seen in [20], the IRR does not correlate with electricity pricing in a linear way, suggesting that
assumption based on tariffs may not have a significant impact the resulting economics. On the
other hard, Linssen et. Al[[17] remarks that development of electricity pricing is a sensitive param-
eter regarding modelling, and that assumptions of a constant energy pricing increase can lead to
large uncertainties.

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

For penetration of renewable energy, there are still 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 options. Large battery storage options
and smart grids can contribute to less cycling of coal plants, but by making 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 utilizing already existing components for storage, such as water heaters, the
self-consumption may increase, and reliance on the grid reduced.

This study investigated the techno-economic effects of implementing 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 sale was seen. The system self-consumption was
also increased when implemented with thermal storage. Furthermore, the economic indicators
show that the Levelized cost of energy decreased with 7 @RE/kWh. In regards to the electricity
bill, the net present cost of the system was lower when the electricity bill was based on subscribed
power.

There is research done on the effectiveness of thermal storage, but geographical conditions
will vary in regards to the appropriate storage option. Therefore it is essential to investigate the
effects of thermal storage considering grid constraints and battery storage in Nordic areas. Al-
though the thermal storage will charge during high PV production, the issue becomes how well
it distributes across the day compared to a battery with dispatchable demand. Tough, the study
showed that load shifting 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-consumption of BIPV systems. In regards to a typical
household integrated with solar panels, a small retrofit by opting for a change-up of electric water
heater can contribute to lowering the energy bill, and in return, reduce the LCOE.

The overall intermittency of the load and the PV production 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-consumption and decrease the LCOE. Studies focused on a typical
household should look at increasing tank temperature further above the max limit in combina-
tion with space heating. A combination system using thermal and battery storage should also be
investigated to further increase the economic attractiveness of BIPV systems and to reduce LCOE.
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Appendix A

A.1 Excel worksheet

Electrical Parameters
Year 1 electriciy consumption
Annusal Output Degradation (linear):
Electricity overconsumption
Gridsale

Annual load served (KiVh)

Normal consumption (WVh) 14194
Normal overconsumption (kWh) 1006

Calculations
Year Year 1 savings Overconsumption savings
34 314

1 49
2 3443
3 3438
4 3432
5 3426
6 3,420
7 3414
8 3,408
9 3,402

10 3,39
11 3391
12 3385
13 3379
14 3373
15 3,367
% 3361
17 3,385
18 3,350
19 3344
20 3338
21 3332
22 3326
23 3320
24 3314
25 3,309
sum 84472

Real interest rate
Captical recovery factor

Electrical Parameters
Vear 1 electriciy consumption
Annual Output Degradation (linear):
Electricly overconsumption

|Grid sale

Annual load served (kivh)

Normal consumption (V) 14194
Normal overconsumption (kWh) 1006

Calculations
Year Year 1 savings Overconsumption savings
3 302

1 605
2 3599
3 3593
4 3,587
5 3580
6 3574
7 3,568
8 3,562
9 3556

10 3,550
11 3,544
12 3537
13 3531
14 3525
15 3519
16 3513
7 3507
18 3501
19 3495
20 3488
21 3482
22 3476
23 3470
2 3,464
2 3458
sum 88,284

Realinterest rate
Captical recovery factor

Storage
10744.75
0.47%

6922

3271

276283

Electricity Price
NOK 0.70
NOK 0.71
NOK0.73
NOK 0.74.
NOK0.75
NOK0.77
NOK0.78
NOK 0.80
NOK 0.81
NOK 0.83
NOK 0.84.
NOK 0.85
NOK 0.88
NOK 0.89
NOK0.91
NOK 0.03
NOK 0.95
NOK 0.95
NOK 0.98
NOK 1.00
NOK 1.02
NOK 1.04.
NOK 1.08
NOK 1.08
NOK1.10

Overconsumption price
NOK 1.25

NOK 127
NOK 1.30
NOK 132
NOK 135
NOK 1.37
NOK 1.40
NOK 1.43
NOK 1.45
NOK 1.48
NOK 151
NOK 154
NOK 157
NOK 1.60
NOK 163
NOK 166
NOK 1.69
NOK 172
NOK 175
NOK 1.79
NOK 1.82
NOK 1.86
NOK 1.89
NOK 1.3
NOK 198

Feed-in tarif
NOK 0.50
NOK 0.54
NOK 052
NOK 053
NOK 054
NOK 055
NOK 0.56
NOK 057
NOK 0.58
NOK 0.59
NOK 0.60
NOK 0.62
NOK 0.63
NOK 0.64
NOK 0.65
NOK 0.66
NOK 0.68
NOK 0.69
NOK 0.70
NOK 0.71
NOK 073
NOK0.74
NOK 0.76
NOK 0.7
NOK0.79

Financial Parameters

Cost per kWh

Figure A.1: No storage

Storage
105¢

017%
613.93

Electricity Price
NOK 0.70
NOK 0.71
NOK0.73
NOK 0.74
NOK0.75
NOK 0.7
NOK0.78
NOK 0.80
NOK 0.81
NOK 0.83
NOK 0.84
NOK 0.86
NOK 0.88
NOK 0.89
NOK0.91
NOK 093
NOK 0.95
NOK 0.96
NOK 0.98
NOK 1.00
NOK 1.02
NOK 1.04
NOK 1.06
NOK 1.08
NOK 1.10

Overconsumption price
NOK 1.25

NOK 127
NOK 1.30
NOK 132
NOK 135
NOK 137
NOK 1.40
NOK 1.43
NOK 1.45
NOK 1.48
NOK 151
NOK 154
NOK 157
NOK 1.60
NOK 163
NOK 1.66
NOK 1.69
NOK 1.72
NOK 175
NOK1.79
NOK 1.82
NOK 1.86
NOK 1.89
NOK 193
NOK 1.98

Feed-in tarif
NOK 0.50
NOK 0.51
NOK0.52
NOK 053
NOK 0.54.
NOK 0.55
NOK 0.56
NOK 0.57
NOK 058
NOK 0.59
NOK 0.60
NOK 0.62
NOK 063
NOK 0.64.
NOK 0.65
NOK 0.66
NOK 0.68
NOK 0.69
NOK0.70
NOK0.71
NOK0.73
NOK 0.74.
NOK0.76
NOK 0.77
NOK 0.79

Upfront Cost NOK 93,282.00
Future Value Discount Rate 5.50%
Electricity Price Infiation Rate 190%
OM costs 1%
Electricity Savings Grid sale savings Operation and mainter Total
NOK2414.48 NOK 1,635.50 NOK 392.25 NOK717.82  NOK3,724.41
NOK24856.17 NOK1,683.74 NOK 309.02 NOK717.82  NOK 3,801.11
NOK2498.57 NOK 169247 NOK 405.91 NOKT717.82  NOK 3,879.13
NOK 254170 NOK1,721.68 NOK 412.92 NOKT717.82  NOK 3,958.48
NOK258557 NOK1,751.39 NOK 420.05 MOK717.82  NOK 4,030.19
NOK2630.19 NOK 1,781.62 NOK 427.29 NOK717.82  NOK 4,121.28
NOK2675.56 NOK1812.35 NOK 434,67 NOKT717.82  NOK4,204.76
NOK272172 NOK1.843.62 NOK 442.16 MOKT17.82  INOK 4,289.68
NOK2768.66 NOK1,875.41 NOK 449.79 MOK717.82  NOK 4,376.04.
NOK2:816.40 NOK 1,907.75 NOK 457,65 NOK717.82  NOK 4,463.88
NOK2864.95 NOK 1,940.64 NOK 465.43 NOKT717.82  INOK 4,553.22
NOK2014.34 NOK1,974.10 NOK 473.46 NOK717.82  NOK 4,644.08
NOK 208457 NOK2,008.12 NOK 481,62 NOKT717.82  NOK 4,736.49
NOK3,015.65 NOK2,042.72 NOK 489.92 NOKT717.82  NOK 4,830.47
NOK3,067.61 NOK2,077.92 NOK 498.36 NOKT717.82  NOK 4,926.06
NOK3120.45 NOK2,113.71 NOK 506.04 MOK717.82  NOK5,023.28
NOK3,174.19 NOK2,150.11 NOK 515,67 NOK717.82  NOK5,122.16
NOK3228.85 NOK2187.14 NOK 52455 NOKT717.82  NOK5.222.72
NOK3384.44 NOK2,224.79 NOK 53358 MOKT717.82  NOK 5,324.99
NOK3340.07 NOK2,263.08 NOK 542.77 MOK717.82  NOK 5,420.00
NOK37398.47 NOK2,302.03 NOK §52.11 MOK717.82  NOK 5,534.79
NOK3456.95 NOK 234164 NOK 561.61 NOKT717.82  NOK 5,842.38
NOK3516.42 NOK2,38193 NOK §71.27 NOK717.82  NOK5,751.80
NOK3576.00 NOK 2,422.90 NOK 581.10 MOKT717.82  NOK 5,853.08
NOK3638.42 NOK2,454.56 NOK 591.09 NOKT717.82  NOK5,976.25
-NOK 17,945.50
Results: Gross Presnet Value
Net Present Value
Total annualized cost
LCOE
Financial Parameters
Costper kiWh
Upfront Cost NOK 93,282.00
Future Value Discount Rate 550%
Electricity Price Inflation Rate 190%
OM costs. 1%
Electricity Savings Grid sale Overconsumption savings Operation and mainter Total
NOK2522.43 NOK 1,635.50 NOK 490.00 NOK71782  NOK3,931.20
NOK2567.00 NOK 1,663.74. NOK 498.55 NOK717.82  NOK4,011.48
NOK2,611.32 NOK 1,692.47 NOK507.16 NOK71782  NOK4,093.13
NOK 2656.40 NOK 1,721.68 NOK 515.91 NOK71782  NOK4,176.17
NOK 270224 NOK1,751.39 NOK 524.82 NOK71782  NOK4.260.64
NOK2748.87 NOK 1,781.62 NOK 533.87 NOK717.82  NOK4,346.54
NOK2796.30 NOK1,812.35 NOK 543.08 NOK71782  NOK4,433.92
NOK 284454 NOK 1,843.62 NOK 552.45 NOK71782  NOK4,522.78
NOK 280260 NOK 1,875.41 NOK 561.98 NOK71782  NOK4§13.47
NOK2943.49 NOK 1,907.75 NOK 571.67 NOK717.82  NOK4,705.08
NOK 299424 NOK 1940.64. NOK 581.53 NOK71782  NOK4,798.59
NOK 3,045.85 NOK 1,974.10 NOK 591.55 NOK71782  NOK4.893.68
NOK 2,008.35 NOK 2,008.12 NOK 601.75 NOK71782  NOK4,990.39
NOK3,161.74 NOK 2,042.72 NOK 812,11 NOK717.82  NOK5,088.75
NOK 3206.04 NOK 2,077.92 NOK 622,66 NOK71782  NOK5,188.79
NOK 326126 NOK2,113.71 NOK 633.39 NOK71782  NOK5.290.54
NOK2317.43 NOK 2,150.11 NOK 644.20 NOK71782  NOK5,394.02
NOK 337455 NOK 2,187.14. NOK 655.39 NOK717.82  NOK5.499.26
NOK 343265 NOK 222479 NOK 666.67 NOK717.82  NOK5606.29
NOK 3491.74 NOK 2,263.08 NOK 678.15 NOK71782  NOK5715.15
NOK 2551.83 NOK 2,302.03 NOK 680.82 NOK71782  NOK5825.86
NOK 361294 NOK 2341.64. NOK 701.69 NOK717.82  NOK5938.45
NOK3,675.10 NOK 2,331.93 NOK 71376 NOK717.82  NOK6,052.97
NOK 373831 NOK 2,422.90 NOK 726.04 NOK71782  NOK6,169.43
NOK 380280 NOK 2,454.56 NOK 738.52 NOK717.82  NOK6.287.87
-NOK 17,945.50
Results: Gross Presnet Value

Figure A.2: With storage

Net Present Value
Total annualized cost
LCoE

Present Value

NOK 251056
NOK 230449
NOK 327363
NOK 3,156.86
NOK 2,044.06
NOK 293510
NOK 2,829.86
NOK 272822
NOK 2,630.07
NOK 253531
NOK 244381
NOK 238549
NOK 227023
NOK 2,187.94
NOK 210852
NOK 203187
NOK 1957.91
NOK 188655
NOK 1817.70
NOK 1,761.28
NOK 168721
NOK 1,625.41
NOK 1565.80
NOK 150830
NOK 145286

210584187
1207

Present Value

NOK 371498
NOK 358235
NOK 3454.22
NOK 333047
NOK 321095
NOK 300553
NOK2984.08
NOK 287647
NOK 277250
NOK 267231
NOK 257551
NOK 248209
NOK 239193
NOK 230493
NOK 222097
NOK2139.98
NOK 206183
NOK 1986.45
NOK 191373
NOK 184359
NOK 1775.94
NOK 171070
NOK 164778
NOK 158711
NOK 152862

1912.997939
1136

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 after 15

years.

A.2 MatlLab script

43



Chapter A

%% Heater model

V_tank=80; %volume of the tank in gallons

%fr=xlsread,;%water usage in gallons per minute

T_inletl=20; %inlet water temperature in Celsius

T inlet=(T_inletl*x9/5)+32; %conversion to Fahrenheit

%P WH=4; %power consumption of water heater

A _tank=14; %surface area of the tank

R_tank=16; %heat resistance of the tank

Tsl_WH=60; %water temperature set point_Celsius
Ts_WH=(Ts1_WH=#*9/5)+32; %conversion to Fahrenheit

T _outlet_il1=1; %initial temperature water_ Celsius

T outlet i=(T_outlet_i1%9/5)+32; %conversion to Fahrenheit

T outlet_i2=(T_outlet_i1*9/5)+32;

eff WH=0.8; %efficiency of the water heater

Delta_Temp_WH=11; %allowable temperature band_ Celsius
Temp_lowl=Tsl WH-Delta_Temp_WH; %lower Ilimit of water temperature
Temp_low=(Temp_lowl*9/5)+32; %conversion to Fahrenheit

Tal=20; % Ambient temperature in Celsius

Ta=(Tal%*9/5)+32; %convert to Fahrenheit

IWH_rated=2500/230; %Rated current of water heater

%% Residential load
V_sys=230%x10"—3; %System voltage
%——Interpolate for minutely values
g1=1:60:8760%60;

gi=1:1:8760%60;
Loadl=readmatrix(’37.26kWh. txt.xlIsx"); % Read data for residential load
Total _Load=interpl(gl,Lloadl,gi); %Interpolate for minutely values
Total_Load(isnan(Total_Load))=0; % Convert NaN to O

| _I=Total_Load/V_sys; % Load current

%

al=findpeaks(Il_I, 'MinPeakDistance’ ,43200); % Find peaks interval —> monthly
d=52560;

a2=reshape(repmat(al,d,1),1,[]);

|_g=a2/2; %Grid limit half of monthly max
%% Solar

P_max=230; % peak power (W)

Cell_eff = 22.7; % Cell efficiency (%)
Panel_eff = 18.5; % Panel efficiency (%)
V_rated = 40.5; % Rated voltage (V) Vmpp

| _rated = 5.68; % Rated current (A) Impp
V_oc = 48.2; % Open circuit voltage (V)
|_sc = 6.05; % Short circuit current (1)
V_max = 600; % Max system voltage (V)

Area = 32.5; % Area of solar panels
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%aggregate timetable data (for future)

% Daily solar irradiation ———%

TT = table2timetable(lrradiance); % Timetable

output=retime (TT, "daily’, 'mean’); % Daily mean irradiance

newTimes = [datetime(’2015—01—-01R00:00:00"'): minutes(1): datetime (’'2015—RR12—
31@23:59:00°')]; % Time interval

TT2 = retime(TT,newTimes, ‘'mean’); % Mean irradiance over time interval
Table = timetable2table(TT2(:,1)); % Convert to table
Solarlrradiance = table2array(TT2); % Solar irradiance daily (minutely) m”"2

PV_prod=Solarirradiance*Area*Panel_eff*10"—2%10"—3;
% Solar production for household

%PV _prod = 0.5 * (fillmissing (PV_prodl, ’‘previous ’) + fillmissing (PV_prod1l,
PV_prod(isnan(PV_prod))=0; % convert NaN to O
|_PV=PV_prod/(V_sys); % PV current

%% Pricing solar

Install _cost=102309; %cost of installing (kr)

Operating _cost=102309%0.02; % Operating cost 2% of install cost
Lifetime=25; %Lifetime of solar panels in years

%% Initial values

fr=readmatrix(’'gpm. xlsx’); % GPM in time slot i

fr_1=fr(:,2); % read all rows column 2

fr_i=repmat(fr_1,365,1); % Repeat matrix for 365 days
i=1; %lnitial value

charge=0; %Initial value
delta_T=1/60; % Minute
%P _WHi = zeros(1,1440);
WWHi=0; %I/nitial value
WWHi_1=0; %I/nitial value

for i = 1:1:525600 %Minutely iteration (year)

I_b(i)=1_g(i)=1_I1(i); % Current available to Water heater

if | _PV(i)>1_1(i) % If PV current is larger than load
I_b(i)=1_PV(i)=I1_I(i);
% Current available to boiler — Excess current after load

end

if |_b(i)>IWH_rated % If current is above rated current
|_b(i)=IWH_rated; % Current is rated current

end

ne
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if T _outlet_i<Temp_ low % If Outlet temp exceeds lower temp

|_b(i)=IWH_rated; % WH is charged with rated current
end
if T_outlet_i2<Temp_low % If outlet temp exceeds lower temp (no charge)
|_b(i)=IWH_rated; % WH is charged with rated current
end
if I_b(i)<0
% If current available to water heater is below zero
|_b(i)=0; % Current is zero
end

P WH=I_b (i)*V_sys;

% Power to the water heater — current times system voltage
P_WHi=P_WH*WWHi;

% Power to water heater in time slot i — Power times WH status
P_WHi_1=P_WHxWWHi_1;

% Power to water heater in time slot i — no charging power

WH_charge(i)=P_WH=xcharge; %Charged power

T outlet=(T_outlet_i.*(V_tank—fr_i(i)*1)+(T_inletxfr_i(i)*1))/(V_tank)
+1/60%(P_WHixeff WH#%3412—(A_tank*(T_outlet_i—Ta)/R_tank))/V_tank;
T_outlet_i=T_outlet; % Update outlet temperature

T _outletl=(T_outlet_i2.*(V_tank—fr_i(i)*1)+(T_inlet*fr_i(i)*1))/(V_tank)
+1/60%(P_WHi_1xeff WH%3412—(A_tank*(T_outlet_i2—-Ta)/R_tank))/V_tank;
T _outlet_i2=T_outletl; % Update outlet temperature

%—————Deciding Status of the Water heater

if T outlet_i<Temp_low % If outlet temperature exceeds lower temp
WWHi=1; % Water heater status on
charge =0;

end

if T _outlet_i>=Ts_WH %if temperature exceed max—Ilimit
WWHi=0; % Water heater status off’
charge=0;

end

if I_PV(i)>1_I(i) % If PV current exceeds load current
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WWHi=1; % Water heater status on for charging
charge=1;
if T_outlet_i>=Ts_ WH+17 % If outlet temp exceeds max temp of heater
WWHi=0;
charge=0;% Water heater status off
end
end
if T outlet_i2 <Temp_low % If outlet temperature exceeds lower temp
WWHi_1=1; % Water heater status on
end
if T _outlet_i2>=Ts_WH %if temperature exceed max—Ilimit
WWHi_1=0; % Water heater status off
end

GS(i)=(PV_prod(i)—Total_Load (i)—P_WHi); % Grid sale
GS _no(i)=(PV_prod(i)—Total Load(i)—P_WHi_1); %Grid sale, no storage

if GS(i)<o0 % If grid sale is below zero
GS(i)=0; %Grid sale is zero

end

if GS_no(i)<0 %If grid sale is below zero ( no charge)
GS_no(i)=0; % GRid sale is zero

end

GP(i)=(Total_Load(i)+P_WHi—PV_prod(i)—WH_charge(i)); %Grid purchase

GP_no(i)=(Total _Load(i)+P_WHi_1—PV_prod(i)); %Grid purchase (no storage)

if GP(i)<O % If grid purchase is below zero
GP(i)=0; %Grid purchase is zero

end

if GP_no(i)<0 % If grid purchase is below zero
GP_no(i)=0; %Grid purchase is zero

end

NetlLoad(i)=Total Load(i)+P_WHi;

%Total residential load including water heater

NetLoad no(i)=Total_Load(i)+P_WHi_1;

%Total residential load including water heater ( no charge)

RES_LOAD=sum(NetlLoad)xdelta_T; % In kWh
RES_Loadl=sum(NetLoad_no)*xdelta_T; % In kWh
GP_net=sum(GP)* delta_T; %Grid purchase storage

GP_netl=sum(GP_no)* delta_T; %Grid purchase no storage
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GS_net=sum(GS)* delta_T; %Grid sale storage
GS_netl=sum(GS_no)*xdelta_T; %Grid sale no storage
WHcharge_net=sum(WH_charge)x delta_T; %Charge up demand in kWh
NET(i)=Total_Load (i); % Residential load (no water heater load)
Netl=sum(NET)*x delta_T; %In kWh

P_grid(i)=1_g(i)*xV_sys; % Grid contraints in kW
Self(i)=PV_prod(i)—GS(i); % Selfconsumption in kW
Self_no(i)=PV_prod(i)—GS_no(i); % Selfconsumption in kW (no storage)
PVnet=sum(PV_prod); % PV production yearly
SelfNet=sum(Self); % Self consumption yearly
SelfNet_no=sum(Self_no); % Self consimption yearly (kWh)

PVconsumption=(SelfNet/PVnet)*100;

% Self—consumption in percentage
PVconsumption_no=(SelfNet_no/PVnet)*100;

% Self—consumption in percentage (no storage)

%——Price calculations ——%

if GP(i)>P_grid(i) % If power purchased from grid is above constraints

P_over(i)=GP(i)—P_grid(i); % Overconsumption
else P_over(i)=0; % Else overconsumption is
end
if GP_no(i)>P_grid(i) % No storage overconsumption

P overl(i)=GP_no(i)—P_grid(i);
else P _overl(i)=0;
end

if NetLoad no(i)>P_grid(i) % No PV overconsumption
P _over2(i)=NetLoad no(i)—P_grid(i);

else P _over2(i)=0;

end

P(i)=0.7%(GP(i)—P_over(i))*xdelta_T+(1.25%P_over(i))
xdelta_T —0.5%GS(i)*xdelta_T; %daily energy bill
P1(i)=0.7*(GP_no(i)—P_overl(i))xdelta_T+(1.25%P_over(i))
xdelta_T —0.5%GS(i)xdelta_T; %daily energy bill no storage

P2(i)=0.7%(NetLoad no(i)—P_over2(i))
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*delta_T+(1.25%P_over2(i))xdelta_T; %Bill without PV

Pnet=sum(P); %Sum of bill
Pnetl=sum(P1); %—.—
Pnet2=sum(P2); %—.—

Bill=Pnet+150+2640; % Total bill
Bill2=Pnetl1+150+2640; % Total no storage

Bill3=Pnet2+150+2640; %Total bill no PV system
% Check Kwh above Ilimit ———%
P_over_net=sum(P_over); % Total overconsumption

P_over_netl=sum(P_overl); %Total overconsumption no storage
P_over_net2=sum(P_over2); % Total overconsumption

if Total _Load(i)>P_grid(i) % If the total load ( no water heater) is above grid
GP_above (i )=(GP(i)—P_grid(i))*delta_T; % Grid purchase above constraints i

else GP_above(i)=0; % Else O

end

if Total_Load(i)>P_grid(i) % Grid purchase above contraints |
GP_abovel(i)=(GP_no(i)—P_grid(i))*delta_T; % Grid purchase above contraint

else GP_abovel(i)=0; % Else O

end

Loadshift=sum(GP_above); % Total load above grid limits in p

Loadshiftl=sum(GP_abovel); % Total load above with no storage

%———Save plots —%

Plot_T_outlet(i)=(T_outlet —32)%5/9;
Plot T outletl(i)=(T_outletl —32)%5/9;
PlotWWH=WWHi;

PlotWWH_1=WWHi_1;

PlotP_WH (i)=P_WHi;
PlotP_WH1(i)=P_WHi_1;

PlotTime (i)=i;

PlotMax_WH (i )=Tsl_WH;

PlotMin_ WH(i)=Temp_low1;

end

figure;

[haxes, hline3 , hline4] = plotyy(PlotTime ,Plot_T_outlet, PlotTime ,6 PlotP_WH);
set(hline3, "Color’,’b’,’linewidth’,1.5)% to change the first line

set(hline4, ’Color’,[0.2 0.8 0],’linewidth’ ,1.5) % to change the second line
set(haxes (1), 'ylim’ ,[45,65]);
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set(haxes(1), ’YTick’,(45:2:65));

set (haxes(2),’ylim’ ,[0,4.5]);

set(haxes(2), ’'YTick’ ,(0:1:4.5));

set(haxes, ’'Xlim’,[0,1440]);

set(haxes, ’XTick’ ,(0:60:1440));

set(haxes(2), "YColor’ ,[0.2 0.8 0])

set (haxes,’XTickLabel’ ,{’12PM’,’1AM’,’2AM’,’3AM’, ’4AM’ ,’5AM’ ,’6AM’ ,’7AM’ , ’ 8AV
grid;

hold on;

plot (PlotTime ,PlotMax WH, 'r’,’linewidth’ ,1.5);

hold on;

plot (PlotTime ,PlotMin_WH, 'r’,’linewidth’ ,1.5);

title (' PlotBof@Outlet@WaterBTemperatureRBoverBTimel’); % title
ylabel (haxes (1), 'WaterBTemperatureB(~0C)’) % label left y—axis
ylabel (haxes(2), 'LoadBDemandB (kW)&’) % label right y—axis
xlabel (haxes(2), 'TimeB(Minutes)’) % label x—axis

figure;

[haxes, hline3 , hlined4] = plotyy(PlotTime, Plot_T outletl, PlotTime ,h PlotP_WH1);
set(hline3, "Color’,’b’,’linewidth’ ,1.5)% to change the first line
set(hline4 ,’Color’,[0.2 0.8 0], ’linewidth’ ,1.5) % to change the second line
set(haxes (1), ’ylim’ ,[45,65]);

set(haxes (1), ’'YTick’ ,(45:2:65));

set(haxes(2), ’ylim’ ,[0,4.5]);

set(haxes(2), ’'YTick’ ,(0:1:4.5));

set(haxes, ’'Xlim’,[0,1440]);

set(haxes, ’XTick’,(0:60:1440));

set(haxes(2), 'YColor’,[0.2 0.8 O0])

set(haxes, 'XTickLabel’ ,{’12PM’, 1AM’ , '2AM’ , '3AM’ , "4AM’ , '5AM’ , "6AM"’ , ' 7AM"’ , ' 8AV
grid;

hold on;

plot(PlotTime ,PlotMax WH,’'r’,’linewidth’ ,1.5);

hold on;

plot(PlotTime ,PlotMin_WH, 'r’,’linewidth’ ,1.5);

title (' Plot@of@Outlet@Water@TemperatureBoverBTimeR’'); % title

ylabel (haxes (1), 'WaterBTemperatureB(~0C)’) % label left y—axis

ylabel (haxes(2), 'LoadBDemandB (kW)B’') % label right y—axis

xlabel (haxes(2), 'TimeB(Minutes)’) % label x—axis

figure;

plot(PlotTime, GP, ’'Color’ , [1 0.5 0.2] );

xlim ([1 525600]);

set(gca, ’'XTick’,[1:43800:525600]);

set(gca, ’'xticklabel’ ,{’Jan’,’Feb’,’Mar’,’Apr’,’May’, Jun’,’Jul’,’Aug’,’'Sep’,
ylim ([0.18 9]);
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set(gca, 'TickLength’ ,[0 0])

xlabel ("MonthRofBtheRyear’);

ylabel (' GridBpurchasel (kW) ' );

box on

x0=50;

y0=25;

width=558;

height=178;

set(gcf, ' position’ ,[x0,y0,width, height]);

X K

figure;

plot(PlotTime, GP_no, ’color’, [1 0.9 0.2]);
xlim ([1 525600]);

set(gca, ’'XTick’,[1:43800:525600]),

set(gca, ’'xticklabel ’,{’Jan’, ’Feb’, Mar’, Apr’, 'May’, ’Jun’,’Jul ’,  Aug’, 'Sep’,
%ylim ([0.18 9]);

set(gca, 'TickLength ’,[0 0])

xlabel ("Month of the year ’);

ylabel (' Grid purchase (kW) ’);

box on

x0=50;

y0=25;

width=558;

height=178;

set(gcf, "position ’,[x0,y0, width , height]);

PSSR N R R~ N R N SR N - N N

N

figure;

plot(PlotTime, P_grid, ’Color’ , [0.7 0.4 0] );
xlim([1 525600]);

ylim ([0 5])

set(gca, 'XTick’,1:43800:525600);

set(gca, ’'YTick’,1:5);

set(gca, ’xticklabel ’,{’Jan’, Feb’, ’ Mar’, Apr’, 'May’, "Jun’,’Jul ’, "Aug’, 'Sep ’,
%ylim ([0.18 9]);

set(gca, 'TickLength ’,[0 0])

xlabel ("Month of the year’);

ylabel (’Power from the grid (kW) ’);

box on

x0=50;

y0=25;

width=558;

height=178;

set(gcf, 'position ’,[x0,y0, width, height]);

> XN XN NN

igure;
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plot(PlotTime ,GS, 'Color’ ,[0.5 0.4 0],’'linewidth’ ,0.7);

xlim([1 525600]);

xticks ([1:43800:525600]);

xticklabels ({’Jan’,’Feb’,’Mar’, Apr’,’May’,’Jun’,’Jul’,’Aug’,’Sep’, ' Oct’, 'Nov
set(gca, 'TickLength’,[0 O0])

xlabel ('MonthRofBtheRyear’);

ylabel (' Grid@Bsalel(kWw’);

legend (' GridBsaleBwithBthermalBstorage’,  Grid@salelnolistorage’)
box on

x0=50;

y0=25;

width=558;

height=178;

set(gcf, position’,[x0,y0,width, height]);

hold on

plot(PlotTime, GS_no,’Color’,[0.5 1 0.7], linewidth’ ,0.7);

%

X

X

plot(1:1:1440, fr_1);

set(gca, ’XTick’,[0:60:1440]),;

set(gca, ’xticklabel ’,{’1’,727,73’,’4",’5’,’6,’7*,°87,’97,7107,’11",’12","
xlabel ('Time (h)’);

ylabel ("GPM’);

grid;

XX XX KKK

figure;
plot (PlotTime , Selfconsumption, ’Color ’,[0.1 0.1 1], linewidth ’',0.7)

xlim ([1 525600]);

xticks ([1:43800:525600]);

xticklabels ({ "Jan’, "Feb’, "Mar’, "Apr’, "May’, "Jun ', "Jul ’, "Aug’, "Sep’, "Oct ’, "\
%ylim ([0.18 9]);

set(gca, 'TickLength ’,[0 0])

xlabel ("Month of the year ’);

ylabel (’Self consumption (%)’);

legend(’Self consumption with thermal storage

XXX KX

7

X

,’ Self consumption no storage

X

box on

x0=50;

y0=25;

width=558;

height=178;

set(gcf, 'position ’,[x0,y0, width , height]);

hold on

plot (PlotTime , Selfconsumption_no,’Color’,[0.1 1 0.1],’linewidth ’,0.7);

XX XX KRKK
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Figure A.3: Inverter used for capital investment
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