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Abstract 

The integration of Photovoltaic (PV) with buildings changes the 
previous electricity consumers into prosumers. The reduced PV subsidies 
and the grid stable operation requirements are pushing prosumers from 
direct exportation to self-consumption of the produced electricity. 
Electricity storage increases the self-consumption, while comes with 
higher investment. During the system planning stage, the benefits of 
storage should be clarified to prosumers. The storage type, the storage 
capacity and the system operation strategy should be determined at the 
same time. 

This thesis dealt with a grid-connected PV-storage system and 
proposed an optimization method, which simultaneously determined the 
storage capacity and rule-based operation strategy parameters. This 
method eliminates the necessity of forecasting and can be easily 
implemented. A typical residential building in Sweden was taken as a case 
study. Different operation strategies as well as two storage technologies – 
battery storage and hydrogen storage – were compared.  

For the battery storage system, the proposed battery hybrid operation 
strategy, which carries out the conventional operation strategy during 
warm months and the peak shaving strategy during cold months, 
provides the best performance in Self Sufficiency Ratio (SSR) and Net 
Present Value (NPV). For the hydrogen storage system, the hydrogen 
hybrid operation strategy outperforms other studied operation strategies 
under different scenarios, which have optimistic or pessimistic cost 
assumptions of the hydrogen storage system. 

The comparison between hydrogen storage and battery storage 
suggests that battery storage has much better performance in SSR and 
NPV under the pessimistic cost scenario. Under the optimistic cost 
scenario, battery storage and hydrogen storage achieve comparable 
performance in SSR and NPV. However, hydrogen storage is more 
favorable when considering to reduce the prosumer’s negative impact on 
the grid. 

Keywords 
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Strategy; Optimization  



Sammanfattning 

Integrering av Solcell (PV)-system i byggnader omvandlar 
konsumenter till prosumers. Sänkta subsidier till PV:er och krav på 
nätstabilitet tvingar prosumers att ställa om från elexport till 
egenanvändning av den producerade elen. Ellager kan öka 
egenanvändningen av elen, men den totala investeringen ökar också. 
Fördelarna med ellager bör kommuniceras till prosumers redan under 
planeringsstadiet. Dessutom bör lagringstyp och -kapaciteten och 
systemoperationsstrategier fastställas under denna tid. 

Denna avhandling behandlade nätanslutna PV-ellagersystem och 
föreslog en optimeringsmetod, som både bestämde lagringskapacitet och 
regelbaserade operationsstrategiparametrar. Denna metod eliminerar 
behovet av att göra prognoser och kan enkelt implementeras. En typisk 
svensk bostadsbyggnad användes som fallstudie för den föreslagna 
metoden. Olika operationsstrategier samt två lagringstekniker – batteri- 
och vätgaslager – jämfödes.  

För batterilagersystem så erhålls den högsta självförsörjningsgraden 
(SSR) och nuvärdet (NPV) med konventionell operationsstrategi under 
varma månader och med ”peak shaving”-strategi under kalla månader. 
För vätgaslagersystemet erhölls den bästa prestandan vid 
hybridoperationsstrategier för olika scenarier som innehöll pessimistiska 
och optimistiska kostnadsantaganden för systemkostnaden av ett 
vätgaslager.  

Jämförelsen av vätgaslager och batterilager visar att batterilager 
uppvisar mycket bättre SSR och NPV vid pessimistiska 
kostnadsantaganden. Vid optimistiska kostnadsantaganden uppvisar 
batterilager och vätgaslager jämförbar värden för SSR och NPV. Dock är 
vätgaslager att fördra framför batterilager för att minska prosumers 
negativa inverkan på elnätet. 
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Nomenclature 

Symbol Unit Description 
 % Inverter efficiency 
 % PV efficiency 

,  % PV efficiency at standard test condition 

 %/°C 
Temperature coefficient of the output 
power 

a V Ideality factor 
 m2 PV area 

& ,  SEK Operation and maintenance cost at year y 
,  SEK Replacement cost at year y 

 kW or kWh or kg Capacity for component i 

,  SEK/kWh Retail electricity price at time t 

,  SEK/kWh Wholesale electricity price at time t 

,  SEK/kWh High retail electricity price 

,  SEK/kWh Low retail electricity price 
 W/m2 Radiation on the tilted surface 
 SEK Investment cost 
 A Photocurrent 

 A Diode reverse saturation current 
 kg Stored hydrogen mass 

,   kW Battery power at time t 

,   kW Grid power at time t 

,   kW Imported grid power at time t 

,   kW Exported grid power at time t 

,   kW Hydrogen storage system power at time t 

,   kW Load at time t 

,   kW Maximal discharge power at time t 

,   kW Maximal charge power at time t 

,  kW Net power at time t 

,  kW PV production at time t 
,  W Maximum power point 

 kW Export power limit 
 kW Grid power peak limit 
 kW Charge limit 
 kW Grid peak power reduction 
 Ω Series resistance 



 Ω Shunt resistance 

& ,  %/Year O&M Ratio for component i 
2  % State of hydrogen level limit 

 % State of charge at time t 
 h Conventional operation start time 
 h Conventional operation end time 

 SEK/Capacity Unit Investment Cost for component i 
 

Abbreviations 

Abbreviations Description 

CAES Compressed Air Energy Storage 
DOD Depth of Discharge 
DOE Department of Energy 

Elspot Electricity Spot 
EMS Energy Management System 
Fit Feed-in-tariff 
GA Genetic Algorithm 

GHG Greenhouse Gas 
GI Grid Indicator 

LCOE Levelized Cost of Electricity 
LOC Level of Confidence 

MPPT Maximum Power Point Tracking 
nRMSE normalized Root Mean Square Error 

NPV Net Present Value 
NREL National Renewable Energy Laboratory 
NOCT Nominal Operating Cell Temperature 
PEM Polymer Electrolyte Membrane 
PHS Pumped Hydro Storage 
PV Photovoltaic 

PSO Particle Swarm Optimization 
SMES Superconducting Magnetic Energy Storage 
SPE Solid Polymer Electrolyte 
SSR Self Sufficiency Ratio 
TOU Time-of-Use 
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1. Introduction 

Renewable energy (RE) is a key alternative to reduce greenhouse gas 
(GHG) emissions. As one important RE technology, Photovoltaic (PV) 
panels have experienced accelerated installation in the last decade, which 
can be seen in Figure 1. 

 

Figure 1: Worldwide annual PV installation and Europe crystalline PV module price [1]. 
 

The last few years also witnessed the fast decline of the PV module 
price. The statistical data [1], collected by IRENA (International 
Renewable Energy Agency), indicates that the Europe crystalline PV 
module price has dropped from 3 USD/Wp in 2010 to 0.6 USD/Wp in 
2015. As addressed by IEA (International Energy Agency), the PV 
Levelized Cost of Electricity (LCOE) has reached or been close to grid 
parity in some countries (e.g. Spain, Germany and Italy) [2]. 

Buildings account for 40% of the total energy use and 36% of the total 
carbon dioxide (CO2) emissions in Europe [3]. PV panels can be easily 
installed on buildings, and they have been important measures in 
reducing buildings’ energy consumption and CO2 emission. In Europe, 
66% of the installed PV capacity was with buildings in 2013 [4]. The 
integration of PV with buildings have turned an electricity consumer to 
the so-called “prosumer”, which not only imports electricity but also 
exports electricity to the grid. 



2 

With the continuous technology improvement and environmental 
awareness, as well as the government goals of cutting GHG emissions, the 
trend in PV installation and module price is expected to continue. 
However, PV cannot offer the same level of dispatchability as the 
tradition power sources because its output depends on the weather 
condition, which makes it an intermittent source in the grid. High 
penetration of intermittent PV can lead to many problems, including 
voltage fluctuation, unintentional islanding, power fluctuation and grid 
frequency deviation [5].  

As PV cost decreases and the PV LCOE reaches grid parity, the 
various PV subsides (especially Feed-in tariff), which support the quick 
development of the PV industry, are gradually losing ground. Moreover, 
because the accumulated PV capacity interferes with the stable grid 
operation, restrains on the PV exporting electricity are under discussion 
and can be applied to prosumers in the near future [6].  

The lowering subsidies and possible restrains have pushed prosumers 
to move from direct exportation to self-consumption in many countries 
[2]. The self-consumption takes advantage of the price difference between 
exported electricity and self-consumed electricity and brings in more 
economic benefits to prosumers. Meanwhile, it mitigates PV’s negative 
effect on the grid. Self-consumption has high potential in relieving the 
grid and avoiding the slowdown of PV installations. 

1.1. Grid-Connected PV-Storage System 

Electricity storage is one important technology that helps to increase 
self-consumption [7]. With the storage, the PV system becomes a grid-
connected PV-storage system. A typical system configuration is shown in 
Figure 2. The PV panels and storage (either hydrogen storage or battery 
storage) are connected to the DC bus through MPPT (Maximum Power 
Point Tracking) converters and storage controllers. The load and the grid 
are directly connected to the AC bus. The bi-directional inverter is located 
between the AC and DC buses. The inverter can also act as the Energy 
Management System (EMS), which gathers the information flows and 
gives operation orders to converters. 
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Figure 2: Grid-connected PV-storage system. 

 

1.2. Scope and Objectives  

Storage leads to an increased capital investment. For the system 
owner, three questions need to be answered before deploying such a 
system: (Q1) What are the benefits of storage? (Q2) Which type of 
storage should be chosen? (Q3) How to determine the storage capacity? 
Besides these questions, there is another question that the owners may 
not be aware of. The system can follow different operation strategies (e.g. 
load shifting [8], peak shaving [9], etc.). It needs be clarified (Q4) which 
kinds of operation strategies should be employed?  

This thesis aimed at answering these research questions through 
solving a multi-objective and multi-variable optimization problem, which 
simultaneously determined the storage capacity and system operation 
strategy. However, the systems can be significantly different depending 
on the location, building load, electricity market, etc. This thesis 
particularly focused on a residential building that has seasonal mismatch 
between PV production and consumption and is located in a deregulated 
electricity market. A residential building in Sweden was used as a 
representative case study.  

1.3. Literature Review and Research Gaps  

A literature review was carried out, in the first place, to identify the 
research gaps and the state of the art about these research questions.  
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1.3.1. Storage sizing method with consideration of the system 
operation 

There have been many studies focusing on the component sizing 
problem in off-grid systems. Fadaee et al. summarized the off-grid system 
configurations and the multi-objective optimization problems [10]. 
Chauhan and Saini published a comprehensive review, which included 
the configurations, storage technologies, control systems and sizing 
methodologies [11]. Different artificial intelligence approaches, including 
Genetic Algorithm (GA) [12] and Particle Swarm Optimization (PSO) 
[13], were also summarized. These studies on off-grid systems and the 
derived methods have laid the foundation for studies on grid-connected 
systems. Xu et al. obtained the optimal system design through searching 
all the possible combinations of the system components under either 
grid-connected or stand-alone condition [14]. Mulder et al. determined 
the battery capacity through the derived relationship between battery 
capacity and exported electricity [15]. A techno-economic analysis was 
carried out by Bortolini et al. [16]. The PV and battery capacities were 
determined to minimize the LCOE. Zhou et al. addressed the battery 
sizing issue with consideration of demand response under Time-of-Use 
(TOU) tariff [17]. Mokhtari et al. determined the component sizes for 
different objectives (e.g. maximizing exported electricity) [18]. In the 
above studies, component sizes were determined without addressing 
different operation strategies. 

The optimal operation of a given system was also extensively studied. 
Lu et al. proposed to use Lagrangian relaxation-based optimization 
algorithm and determined the short-term power scheduling [19]. 
Riffonneau et al. presented a 24-hour ahead power scheduling method 
with dynamic programming [20]. Li et al. obtained predictive charge 
control strategies for different objectives (e.g. maximizing battery life, 
maximizing self-sufficiency) [21]. Marzband et al. studied the EMS of 
microgrid and proposed power scheduling methods based on various 
algorithms, including mixed-integer nonlinear programming [22], multi-
layer ant colony optimization [23], gravitational search algorithm [24]. In 
the above studies, short-term power scheduling was obtained to address 
the optimal operation issue. However, the component sizing problem was 
not covered and the studied system was assumed to have a fixed size.  
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There have been a few studies that simultaneously consider 
component sizing and system operation problems. Ru et al. carried out 
the system simulation in one typical day and determined the battery 
capacity with consideration of load shifting and peak shaving strategies 
[25]. Gitizadeh et al. [26] extended the research by Ru et al. Multiple 
typical operation scenarios were studied. Khalilpour and Vassallo 
proposed a more comprehensive approach, which covered different types 
of PV and battery modules and provided a decision support tool [27]. The 
tool decided the PV and battery modules, component sizes and optimal 
operation schedule at the same time. The above studies included the 
power schedules as decisional variables, leading to an extremely large 
amount of decisional variables (e.g. 18, 659, 330 in Khalilpour and 
Vassallo [27]). The complex non-linear system was reduced to a linear 
system to facilitate the problem solving through mixed-integer linear 
programming (MILP). Moreover, these studies were based on the 
assumption that correct weather and load forecasting could be ensured. 
However, during the real-time operation, forecasting comes with certain 
error [28], which can lead to system operation failure. Moreover, the 
availability of forecasting equipment cannot always be guaranteed, 
especially for small-scale applications. In all, an easy but robust sizing 
method, which considers the system operation strategies, should be 
developed.  

1.3.2. Storage technologies 

Electricity storage is used to address the mismatch between PV 
production and consumption. PV panels cannot deliver electricity at 
night, thus the storage is charged during daytime and discharged at night 
to solve the daily mismatch problem. The daily mismatch problem is 
quite common for PV-related systems regardless of the locations. For the 
buildings in Nordic countries, because of the large seasonal variation in 
sunlight and the high electricity consumption for space heating during 
cold months, there is seasonal mismatch between PV production and 
consumption. Appropriate storage technologies should be selected to 
address the daily and seasonal mismatch problems of the studied case.  

There are many types of electrical energy storage technologies, 
including battery, hydrogen storage, flow battery, capacitor, 
Superconducting Magnetic Energy Storage (SMES), flywheel, 
Compressed Air Energy Storage (CAES), Pumped Hydro Storage (PHS), 
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etc. Good reviews about different storage technologies can be found in 
Dunn et al. [29] and Chatzivasileiadi et al. [30]. Among the several 
storage technologies, only some are suitable to be deployed in the studied 
PV-building system. CAES and PHS can be deployed only at suitable 
geographical locations and are usually for large-scale applications. 
Flywheels, capacitors and SMES have low energy capacity and are not 
suitable for daily storage.  

Battery storage is a suitable technology for the studied system. It can 
have daily cycles and be implemented in small-scale applications. Among 
the various battery technologies, lithium-ion batteries outperform other 
types in energy density, power density, round-trip efficiency and lifetime 
[29]. In recent years, partly due to the boost from the electrical vehicle 
industry, there has been a significant drop in lithium-ion battery price 
[31]. However, batteries are not suitable for long-term storage. On the 
other hand, hydrogen storage stores electricity in the form of hydrogen, 
which can be stored for a long period [32]. It has higher energy density 
and an insignificant leakage (discharge) rate [33]. Its major disadvantage 
is the low round-trip efficiency. Its potential application in buildings is 
closely followed by research institutions and industry stakeholders [34]. 

Some studies have been conducted to employ both battery storage 
and hydrogen storage in off-grid systems. For instance, Bigdeli studied 
control algorithms in the system [35]. Carapellucci et al. presented an 
optimization tool by using a hybrid genetic-simulated annealing 
algorithm [36]. Castañeda et al. compared three predefined control 
strategies [37].  

Hydrogen storage and battery storage were also studied in grid-
connected systems. Parra et al. concluded that battery storage gained 
more economic benefits than hydrogen storage in the studied grid-
connected single house [38]. Marino et al. showed that grid-connected 
hydrogen storage system can only be economically implemented with 
subsidies [39]. Avril et al. optimized the component sizes in a grid-
connected PV system with both storages [40]. One optimization objective 
was to minimize the dependency on the grid. Pellow et al. concluded that 
grid-scale hydrogen storage stored more electricity than the battery 
storage [41]. García-Triviño et al. compared different EMSs through long-
term simulation and demonstrated the importance of an appropriate 
operation strategy [42]. However, the above studies did not particularly 
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focus on the seasonal mismatch case, and they cannot give direct 
guidance in determining the suitable storage technology.  

1.3.3. Summary 

The performed literature survey indicates that the questions 
summarized in Section 1.2 are not well answered. The following research 
gaps have been identified: 

 There are only a few studies that optimize component sizes and 
operation strategies. The employed methods are not sufficient. 

 Due to the different characteristics of storage technologies, the 
hydrogen storage system should employ different operation strategies 
than the battery storage system. However, the operation strategies for 
a grid-connected PV-hydrogen system are not thoroughly studied.  

 The comparison between hydrogen storage and battery storage, 
especially under the seasonal mismatch case, is lacking. 

1.4. Thesis Outline 

The research questions (Section 1.2) and the structure of the thesis 
are briefly summarized in Figure 3. Questions Q3 and Q4 were answered 
through the proposed optimization method in Chapter 2, and the results 
with the battery storage were presented in Chapter 3. Question Q2 was 
answered in Chapter 4, which conducted a comparison between battery 
storage and hydrogen storage. Question Q1 is clarified through answering 
Questions Q2-4.  

 
Figure 3: Research content and structure of the thesis. 

 

System Modeling Prosumer 

Storage Capacity 

Operation Strategy 
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Storage 
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This thesis summarizes results achieved in the appended scientific 
papers. It consists of the following chapters: 

Chapter 1 Introduction 
To introduce the background information, thesis scope and 
objectives, literature survey, and knowledge gaps.  

Chapter 2 Methodology 
To describe the methodology of the system simulation and 
optimization. 

Chapter 3 Battery Sizing and Rule-Based Operation in a Grid-
Connected PV-Battery System 
To present and compare the operation strategies for a grid-
connected PV-battery system.  

Chapter 4 Comparative Study of Hydrogen Storage and Battery 
Storage in a Grid-Connected PV System 
To design and compare the operation strategies for a grid-
connected PV-hydrogen system and to compare the battery 
storage and hydrogen storage systems.  

Chapter 5 Conclusions 
To summarize the major findings of the thesis. 

Chapter 6 Limitations and Future Work 
To define the assumptions and limitations of the thesis and 
to introduce potential future research. 
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2. Methodology 

The methodology used in this thesis is summarized in Figure 4. The 
grid-connected PV-storage system was built upon different component 
models. Local electricity market information, weather profiles and load 
profile were the input data for the whole-year simulation. The system 
simulation followed different rule-based operation strategies, which were 
designed based on the analysis of the system input data. To determine the 
optimal storage capacity and operation strategy, optimization was 
conducted to achieve specific objectives with detailed constraints. The 
optimization process was based on the system dynamic simulation. 
Section 2.1 describes the component models; section 2.2 presents the 
input information for system simulation; section 2.3 generally describes 
the rule-based operation strategies; section 2.4 summarizes the 
optimization variables and objectives as well as the optimization 
framework. 

 
Figure 4: Summary of the methodology adopted in this thesis. 

 

2.1. System Component’s Models  

There are various PV and battery models [43, 44]. Tossa et al. [45] 
and Dolara et al. [46] compared different PV models. Ramadesigan et al. 
ranked different battery models based on accuracy and CPU running time 

Simulation 

PV models Battery models Hydrogen storage 
model 

Rule-based operation 
strategy 

Decisional variables Optimization objectives 

Optimization 

Weather & load 
profiles Electricity market 
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[47]. Hu et al. compared equivalent circuit models for lithium-ion 
batteries [43]. The above studies focused on the model comparison for 
specific components. However, it is necessary to select the most 
appropriate model from the perspective of overall system simulation and 
optimization. In this section, the models were compared and selected 
from the perspective of performing energy system optimization. 

2.1.1. PV models 

2.1.1.1. Single diode model 

The single diode model [48] is represented by the electric circuit 
shown in Figure 5. The Voltage-Current ( ) curve of the PV 
module is obtained with Eq. (1) [48]: 

∙
1

∙
            (1) 

where, , , , ,  are variables that depend on the radiation on the 

tilted surface ( ), effective absorbed solar ratio ( ) and cell 

temperature ( ). The detailed explanation of the equation parameters 
and calculation method can be found in Zhang et al. [49], Duffie and 
Beckman [50] and De Soto [48].  

 

Figure 5: Single diode model. 
 

The maximum power point along the  curve is usually 
determined by the MPPT controller with different control algorithms, 
such as perturbation and observe method [51, 52]. In this study, a 
simplified approach, described in Eq. (2) [53] was adopted.  

, 	 ∙                               (2) 

2.1.1.2. Simplified PV model 

A simplified and straightforward PV model was presented in Duffie 
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and Beckman [50]. The power productions under different weather 
conditions were obtained through correcting the PV module efficiency, as 
follows:  

, 1
, ,

∙ ∙
.

. .
1 ,      (3) 

∙ ∙ ∙                                    (4) 

2.1.1.3. Comparison between PV models 

The correlation of hourly PV productions from the two models is 
presented in Figure 6(a). The simplified PV model overestimated the 
production with the nRMSE (normalized Root Mean Square Error) of 
0.86%. The simulations were repeated 10 times and the average 
simulation time is shown in Figure 6(b). The single diode model took 
much more time than the simplified model. The PV models’ input data 
included the PV installation angles (azimuth and tilt), which were used as 
decisional variables in some studies [12, 54]. Considering the large 
iteration numbers during optimization (as described in Section 2.4), the 
single diode model is not appropriate for the optimization which has tilt 
and azimuth angles as decisional variables. 

 

Figure 6: (a) Correlation of hourly PV productions from single diode and simplified PV 
models and (b)simulation time for the two PV models.  

 

2.1.2. Battery models 

2.1.2.1. Improved Shepherd Model 

The battery equivalent circuit of the Improved Shepherd model, 
developed by Tremblay et al. [55, 56], is shown in Figure 7. The charging 
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and discharging Voltage-Current (V-i) curves are represented by Eqs. (5) 
and (6), respectively. 

∙ ∗ ∙ ∙ ∙             (5) 

.
∙ ∗ ∙ ∙ ∙           (6) 

The battery characteristic parameters, including , K, Q, A, R, B, can 
be found in Ref. [57].  

 

Figure 7: Battery equivalent circuit. 
 

2.1.2.2. Energy balance model 

The energy balance model was also widely used in previous studies. 
The model is described with Eq. (7). The model assumes fixed round-trip 
efficiency ( ) and self-discharge rate ( ).  

∙                                 (7) 

2.1.2.3. Comparison between battery models 

Grid-connected PV-battery system simulations were carried out with 
two battery models. The corresponding hourly State of Charge (SOC) is 
shown in Figure 8(a). The Improved Shepherd model showed lower SOC 
than the energy balance model. The simulations were repeated 10 times 
and the average simulation time is shown in Figure 8(b). Though the 
Improved Shepherd model took more time than the energy balance model 
(5.9s vs 0.03s). However, because of the generally acceptable simulation 
time, the Improved Shepherd model was employed in this thesis.  
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Figure 8: (a) Correlation of SOC from improved shepherd and energy balance models and 
(b) simulation time for the two battery models.  

 

2.1.3. Hydrogen storage model 

The Power-Current (P-I) curves of a PEM fuel cell (POWERCELL S2 
[58]) and the overall P-I curve of a Solid Polymer Electrolyte (SPE) 
electrolyzer [59] and a compressor are shown in Figure 9.  

 

Figure 9: Power-Current curves of a fuel cell and the combined electrolyzer and compressor.  
 

The state of hydrogen level ( 2 ) was calculated as the ratio of the 
stored hydrogen mass ( ) to the tank capacity ( ).  

2 /                                         (8) 

2.2. Load and Weather Profiles, Electricity Market 
2.2.1. Load and weather profiles 

The hourly load profile, as a representative load profile for similar 
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residential buildings in Sweden, was recorded in a typical multi-
apartment building located in Gothenburg (N 57.70°, W 11.98°). A Heat 
pump was used for space heating during winter. The weather data was 
taken from a global climatic database, Meteonorm [60].  

Besides the common daily mismatch problem in PV-related systems, 
the studied system has the seasonal mismatch problem. Our previous 
study indicated that the average daily electricity consumption in February 
is about two times of that in June, and the average daily electricity 
production in June is more than 10 times of that in December [61]. When 
the PV capacity is 200 kWp, the system net power ( , , , ∙

) is shown in Figure 10. Surplus electricity is exported to grid during 
warm months, while power shortage dominates most times during cold 
months. Appropriate storage should be employed to improve the system 
performance.  

 

Figure 10: (a) Hourly profile and (b) histogram of the net power (negative as exporting 
electricity to grid). 

 

2.2.2. Electricity market  

For the studied case, the consumed electricity follows the retail 
electricity price [62]. The decomposition of the retail electricity price is 
shown in Figure 11. The grid fee is charged based on the peak power 
during the year. Thus, peak shaving can be applied to reduce the grid fee. 
The exported electricity follows the wholesale electricity price, which is 
the electricity market spot price (Elspot Price [63]).  
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Figure 11: Retail and wholesale electricity price. 
 

2.3. Rule-based Operation Strategy 

Control systems or EMSs are needed for the system operation. 
Depending on the availability of weather and load forecasting, there are 
generally two approaches. With the forecasting, optimization of the short-
term power scheduling can be carried out to guide the system operation. 
If forecasting is not available, the system can follow certain rules to 
operate. However, the forecasting equipment as well as the forecasting 
accuracy cannot be guaranteed in small-scale applications. In this study, 
rule-based operation strategies were employed. Instead of using pre-
defined and fixed operation parameters, the operation parameters were 
optimized together with the storage capacity, which could give the 
optimal match between the storage capacity and the operation strategy. 
This thesis studied three operation strategies for the battery storage 
system and three operation strategies for the hydrogen storage system. 
These operation strategies are detailed in Chapter 3 and 4, respectively.  

2.4. Optimization 
2.4.1. Optimization objectives 

Both economic and environmental goals are important for the end-
users or prosumers. Net Present Value (NPV) and Self Sufficiency Ratio 
(SSR) were employed to represent these interests. On the other hand, the 
utility grid requires stable operation, and has interest in the impact of 
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prosumers’ power flow on the grid. Grid Indicator (GI) was introduced to 
quantify this impact.  

NPV was calculated with Eq. (9), which included system costs 
(Investment cost, Inv; Operation and Maintenance cost, & , ; 
replacement cost , ) and revenues ( ) within the project lifetime (25 
years). 

∑ & , ,                         (9) 

SSR was defined with Eq. (10) [7]. It reflected the value of on-site 
renewable energy penetration. It was calculated based on the on-site load 
and generation profiles.  

1
∑ ,

∑ ,
∙ 100%                         (10) 

Previous studies used different indicators to quantify the impact of 
prosumers’ power flow on the grid. These indicators included the 
maximal feed-in power [6, 21, 64, 65], the standard deviation of power 
[14, 66] and the ramp rate [6, 67]. A dimensionless factor, which included 
the dimensionless ratios of the above indicators, was introduced. The 
indicator was named as “Grid Indicator” (GI) and was obtained through 
Eq. (11). The case without storage was used as the reference. The 
indicator ratios of the studied case to the reference case were calculated 
and summed. Smaller GI represented that the system had lower negative 
impact on the grid. It was used as an optimization objective in Section 
4.3.2. 

	

, ,

, ,
	

	
(11) 

2.4.2. Decisional variables 

As discussed in Section 2.1.1.3, the single diode model is not 
appropriate to be used in the optimization that has PV installation angles 
as decisional variables. The influence of excluding tilt and azimuth angles 
from decisional variables on the system optimization was discussed. The 
PV panels have the maximal yearly production under the tilt angle of 36° 
and azimuth angles of 0°. With these installation angles, the optimization 
with PV and battery capacities as decisional variables was carried out. The 
optimization with four variables (PV capacity, battery capacity, azimuth 
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angle and tilt angle) was also carried out. The installation angles of the 
individuals from the Pareto front of the two-variable optimization were 
replaced with tilt angle of 36° and azimuth angles of 0°, forming a new set 
of individuals. The new set’s SSR and NPV are obtained and shown in 
Figure 12. These three SSR-NPV curves coincided with each other. The 
results indicated that excluding tilt and azimuth angles had little or no 
influence on the optimization. Thus, the single diode model could be used 
in the system optimization without increasing the computational time. 
After excluding the installation angles, the decisional variables are the 
storage capacities and the system operation parameters.  

 

Figure 12: The influence of tilt and azimuth angles on the optimization. 
 

2.4.3. Genetic Algorithm 

The multi-objective optimization problem was solved by Genetic 
Algorithm (GA), one of the most popular heuristic approaches [68], using 
the global optimization toolbox from MATLAB®. The configuration 
parameters were following MATLAB® guidelines [69] and were 
summarized in Paper II [57]. 

2.4.4. Overall optimization flowchart 

For the system with hydrogen storage, the overall flowchart of the 
optimization process is shown in Figure 13, as an example of the 
proposed optimization framework. The decisional variables are the 
storage components’ capacities and operation parameters. The 
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optimization objectives are NPV and SSR. GA is the solver for the 
optimization problem. GA generates populations and evaluates the fitness 
of each individual through calling the fitness function. When the stop 
criteria are satisfied, GA terminates and outputs the optimization results.  

 

Figure 13: Flowchart of the optimization process.  
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3. Battery Sizing and Rule-Based Operation in a 
Grid-Connected PV-Battery System 

With the methodology described in Chapter 2, different operation 
strategies for a grid-connected PV-battery system were developed, 
analyzed and compared. 

3.1. Operation Strategies 

Within each operation strategy, there are several operation 
conditions. Each operation condition is represented by one linear 
programming problem with specific objectives and constraints. 

3.1.1. Conventional operation strategy 

Conventional operation strategy refers to the most commonly used 
operation strategy of the PV-storage system. The surplus electricity will 
be firstly stored and then exported to the grid if the storage system is full. 
The insufficient electricity will be firstly provided by the storage and then 
by the grid. This strategy is also called “Maximizing self-consumption 
strategy” [65]. This operation strategy has one operation condition, which 
is summarized in Figure 14. 

 

Figure 14: Conventional operation strategy. 
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3.1.2. Dynamic price load shifting strategy 

There are three operation conditions. Two operation parameters 
( ,  and , ) are introduced. The battery is charged when the retail 
electricity price ( , ) is lower than ,  (operation condition D2). When 

,  is between ,  and , , battery can be charged by surplus PV 
electricity but cannot be discharged (operation condition D1). When ,  
is higher than , , the system follows the operation condition D0, which 
is same as the operation condition in conventional operation strategy. 

 

Figure 15: Dynamic price load shifting strategy ( , : High retail electricity price; , : Low 
retail electricity price). 

 

3.1.3. Battery storage hybrid operation strategy 

This operation strategy is based on four operation conditions, as 
shown in Figure 16. Four operation parameters ( , ,  and ) are 
introduced. During the warm months (between  and ), the system 
follows the conventional operation strategy. During cold months, the 
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system carries out peak shaving, which is achieved by three operation 
conditions (BH1, BH2 and BH3). The battery is charged when the net 
power ,  is lower than  (operation condition BH3). The battery is 
discharged when ,  is higher than  (operation condition BH1). The 
battery remains at the same SOC when ,  is between  and  
(operation condition BH2).  

 

Figure 16: Battery storage hybrid operation strategy ( : Grid power peak limit; : Charge 
limit; : Conventional operation start time; : Conventional operation end time). 

 

3.2. Results and Discussion 
3.2.1. Conventional operation strategy 

The SSR and NPV were obtained for different combinations of battery 
capacities (0 to 800 kWh, 50 kWh interval) and PV capacities (50, 100, 
150 and 200 kWp). The results are shown in Figure 17 with red circle 
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markers. When assuming that the battery price drops 50%, SSR and NPV 
of these combinations are shown with blue triangle markers. 

At fixed PV capacity, with the increase of battery capacity, SSR 
increased while NPV decreased. However, even when the battery price 
drops 50%, the highest NPV were achieved by the system without battery. 
The results indicate that the conventional operation strategy is not 
economically beneficial. The results also emphasize that the battery must 
be better utilized to achieve more economic benefits.  

 

Figure 17: SSR and NPV for different combinations of PV capacities and battery capacities 
(Red Circle Marker: 100% Battery Price, Blue Triangle Marker: 50% Battery Price).  

 

3.2.2. Dynamic price load shifting strategy 

The dynamic price load shifting strategy and the conventional 
operation strategy were compared under the PV capacity of 200 kWp. The 
near-optimal Pareto front for the dynamic price load shifting strategy 
followed the SSR-NPV curve of the conventional operation strategy 
(Figure 18). It indicates that the dynamic price load shifting strategy can 
not improve the system performance regarding SSR and NPV. 

3.2.3. Battery storage hybrid operation strategy 

The battery hybrid operation strategy and the conventional operation 
strategy were compared under the PV capacity of 200 kWp. As shown in 
Figure 19, the battery hybrid operation strategy (near-optimal Pareto 
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Front) achieved higher NPV than the conventional operation strategy at 
the same SSR. However, the NPV difference gradually decreased with the 
increase of SSR. If the battery price dropped by 50%, the NPV difference 
enlarged. It indicates that the battery hybrid operation strategy is more 
favorable with the decrease of battery price. 

 
Figure 18: The conventional operation strategy vs. the dynamic price load shifting strategy. 

 

 

Figure 19: The conventional operation strategy vs. the battery hybrid operation strategy 
(Red Marker: 100% Battery Price, Blue Marker:50% Battery Price). 
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Further analysis of the decisional variables indicated that with the 
decrease of NPV, the battery capacity increased. Among the near-optimal 
Pareto front, the individual with the highest NPV (9.7×105 SEK) as well 
as the lowest SSR (24.4 %) had the smallest battery capacity (72 kWh).  

The individual with smaller battery capacity (than 72 kWh) was not 
obtained through GA. To complete the SSR-NPV relationship, single 
objective GA optimizations, which set certain minimal SSR as constraints, 
were carried out. The obtained SSR-NPV relationship (SSR Constrained 
Optimization) indicated that with the increase of battery capacity both 
SSR and NPV increased. The battery storage hybrid operation strategy 
provided prosumers both environmental and economic incentives to 
deploy battery storage to PV systems.  

The decisional variables were determined with fixed system input 
information (PV production, load and electricity price profiles), which 
were different from the real operation conditions. Monte Carlo 
simulations were used to evaluate the NPV and SSR at a certain Level of 
Confidence (LOC) [70]. The uncertainty parameters ( , , , , , ) 
were assumed to have a uniform distribution with a variation limit of 
10%. The simulation with the decisional variables of one individual (Table 
1) was repeated 2000 times (Figure 20). The NPV and SSR at LOC 95% 
were determined as 738,346 SEK and 24.9 %, respectively. Even though 
the NPV and SSR at LOC 95% were lower than the values shown in Table 
1, they were still higher than the system without storage. It demonstrated 
the robustness of the proposed method.  

Table 1. Optimization objectives and decisional variables of one individual  

Item Value 

NPV (SEK) 901,184 

SSR 25.0% 

 (kWh) 122 

 (kW) 129 

 (kW) 57 

 (h) 2192 

 (h) 7378 
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Figure 20: Monte Carlo simulations of the individual in Table 1: (a) scattered plot of SSR vs 
NPV; (b) histogram of NPV.  

 

3.3. Summary 

This chapter compared different rule-based operation strategies for a 
grid-connected PV-battery system. With the methodology described in 
Chapter 2, battery capacity and operation parameters were obtained 
simultaneously. The obtained near-optimal Pareto fronts were compared 
in terms of NPV and SSR. The conventional operation strategy is not 
suitable for the studied case because it fails to bring in economic benefits 
even when the battery price is lowered by 50%. The electricity price 
variation is not significant enough for the dynamic price load shifting 
strategy to bring in economic benefits. The battery hybrid operation 
strategy shall be recommended for similar cases, because it can increase 
both NPV and SSR with proper battery capacity.  

 
  



26 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Page intentionally left blank 

  



 

27 

4. Comparative Study of Hydrogen Storage and 
Battery Storage in a Grid-Connected PV 
System  

This chapter introduced and compared operation strategies for a grid-
connected PV-hydrogen storage system. The battery storage and 
hydrogen storage in a grid-connected PV system were compared. 

4.1. Hydrogen Storage Cost  

Based on the literature review, two cost scenarios were assumed. The 
cost assumption in Kalinci et al [71] was taken as the pessimistic cost 
scenario. The optimistic cost scenario, which was in line with the reports 
of Department of Energy (DOE) [72] and National Renewable Energy 
Laboratory (NREL) [73], assumed that the unit cost for electrolyzers and 
fuel cells dropped 90% and unit cost for hydrogen tanks dropped 50% 
compared to the pessimistic cost scenario.  

4.2. Operation Strategies 

The grid-connected PV-hydrogen system could follow the same 
conventional operation strategy for the battery storage system (Section 
3.1.1). However, it could not fit into the other two operation strategies. 
The hydrogen storage peak shaving strategy and hydrogen storage hybrid 
operation strategy were introduced and tailored to take advantage of the 
hydrogen storage characteristics. 

4.2.1. Hydrogen storage peak shaving strategy 

There are two operation conditions, as shown in Figure 21. One 
operation parameter ( ) is introduced. If the net power ,  is lower 
than , the storage will be charged when applicable (P0). When ,  is 
higher than , the storage will be discharged (P1). In this operation 
strategy, the stored hydrogen is preserved only for carrying out peak 
shaving.  
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Figure 21: Hydrogen storage peak shaving strategy ( : Grid power peak limit). 
 

4.2.2. Hydrogen storage hybrid operation strategy 

There are four operation conditions, as shown in Figure 22. Four 
operation parameters ( , 2 ,  and ) are introduced. During the 
warm months ( ), if the state of hydrogen level ( 2 ) is 
higher than 2 , the system follows the conventional operation 
strategy (HH0). If 2  is lower than 2 , the hydrogen storage 
will be charged from excess PV production (HH1). During cold months 
( ∨ ), the operation strategy follows the peak shaving strategy, 
which is the same as that in Section 4.2.1.  
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Figure 22: Hydrogen storage hybrid operation strategy ( : Grid power peak limit;	 2 : 
State of hydrogen level limit; : Conventional operation start time; : Conventional 

operation end time). 
 

4.3. Results and Discussion 
4.3.1. Pessimistic cost scenario 

The different operation strategies for the hydrogen storage system 
(colored dots) are compared in Figure 23. The obtained near-optimal 
Pareto fronts indicated that the hydrogen hybrid operation strategy and 
the conventional operation strategy were superior to the hydrogen peak 
shaving strategy. However, all the operation strategies achieved the 
highest NPV without hydrogen storage. It suggests that economic benefits 
cannot be achieved by hydrogen storage under the pessimistic cost 
scenario. The comparison between battery storage (black dots) and 
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hydrogen storage suggests that battery storage is more favorable in terms 
of SSR and NPV.  

 

Figure 23: Comparison of operation strategies under the pessimistic cost scenario. 
 

4.3.2. Optimistic cost scenario 

The different operation strategies for the hydrogen storage system 
(colored dots) are compared in Figure 24. During the optimization, NPV 
was constrained to be positive. The hydrogen peak shaving strategy and 
the hydrogen hybrid operation strategy outperformed the conventional 
operation strategy. Moreover, the hydrogen peak shaving strategy and the 
hydrogen hybrid operation strategy achieved higher NPV and SSR than 
the system without storage.  

The near-optimal Pareto front of the battery hybrid operation strategy 
(part of that in Figure 23) is shown in Figure 24. The hydrogen hybrid 
operation strategy and the battery hybrid operation strategy gave 
comparable results. The hydrogen hybrid operation strategy achieved 
higher NPV, while the battery hybrid operation strategy achieved higher 
SSR.  

The grid power ( , ) and storage level ( 2  and ) profiles of 
two systems with either hydrogen storage or battery storage are shown in 
Figure 25. The two systems had similar NPV and SSR. They carried out 
peak shaving during the cold months. However, the hydrogen system 
mainly used stored hydrogen, while the battery system g0t charged from 
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the grid. During the warm months, both systems had daily cycles. 
However, the exported electricity was much less with the hydrogen 
storage.  

 

Figure 24: Comparison of operation strategies under the optimistic cost scenario. 
 

 

(a)                                                                       (b) 

Figure 25: Grid power ( , 	) and storage level profiles of the system with (a) hydrogen 
storage and (b) battery storage. 

 

The growing distributed PV capacity can lead to operation problems 
in the grid [5]. It is of importance to compare different storage 
technologies in reducing the system’s negative impact on grid.  

As shown in Figure 25(b), the battery hybrid operation strategy 
(Figure 16) cannot effectively control the exported electricity during warm 
months. Another operation parameter ( ) is introduced and the 
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modified strategy, which smooths the power exportation, is shown in 
Figure 26. The battery is charged when the exported electricity reaches 
certain level. The modified operation strategy tends to maintain low SOC 
in the morning and helps to eliminate the exporting power peaks 
afterwards. Because the hydrogen hybrid operation strategy can 
effectively control the exporting power, it remains the same as in Figure 
22. Feed-in limit of 50%, which is 100 kW, was applied during the 
simulation and optimization. 

 

Figure 26: The modified battery hybrid operation strategy ( : Export power limit).  
 

The three-objectives (Max SSR and NPV, Min GI) optimizations were 
carried out. The obtained Pareto fronts are shown in Figure 27. For both 
hydrogen storage and battery storage, the highest NPV remained almost 
the same as the two-objective optimization results, shown in Figure 24. 
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With the decrease of NPV, SSR increased (as shown in the projection on 
SSR-NPV surface) and GI decreased. For the hydrogen storage system, 
the change rates of SSR and GI were much higher than the battery storage 
system. This suggests that hydrogen storage is more capable of smoothing 
the power flow without decreasing the other two objectives. Hydrogen 
storage achieved higher SSR and lower GI than battery storage at the 
same NPV. It indicates that hydrogen storage is more favorable when 
considering the grid requirement.  

 

Figure 27: Three-objectives optimization and near-optimal Pareto fronts of PV-
Battery/Hydrogen Storage systems (red triangle: Battery; blue circle: Hydrogen; black 
down-pointing triangle: No Storage; grey hollow markers: projections on the surface).  

 

4.4. Summary 

In this chapter, the rule-based operation strategies were designed for 
a grid-connected PV-hydrogen system. With the methodology described 
in Chapter 2, the operation strategies were compared. The comparison 
between battery storage and hydrogen storage was conducted. Under the 
pessimistic cost scenario, all the three operation strategies of the 
hydrogen storage system cannot improve the economic performance. 
Under the optimistic cost scenario, the hydrogen peak shaving strategy 
and the hydrogen hybrid operation strategy can increase the system’s 
NPV and SSR. The comparison between hydrogen storage and battery 
storage indicates that battery storage is recommended in terms of NPV 
and SSR. However, hydrogen storage can be more favorable when also 
including GI as the optimization objectives. 
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5. Conclusions  

This thesis dealt with a grid-connected PV-storage system. One 
optimization framework was proposed to simultaneously calculate the 
storage capacity and define the operation parameters. The proposed 
method avoided the necessity of forecasting and could be easily 
implemented in real applications. One typical residential building in 
Gothenburg, which had seasonal mismatch between production and 
consumption, was used as the case study.  

Among different storage systems, battery storage was studied as the 
first option. The results show that the conventional operation strategy 
and the dynamic price load shifting strategy cannot improve the system’s 
economic performance. The proposed novel battery hybrid operation 
strategy gains extra income from carrying out peak shaving during cold 
months. It can increase the system’s NPV and SSR at the same time. 
Monte Carlo simulations were carried out to demonstrate its robustness 
when facing uncertainties in PV production and load. 

Seasonal mismatch is occurring for all PV-powered residential 
buildings in Nordic countries. Hydrogen storage is a suitable technology 
that can potentially address the problem. Operation strategies were 
designed and compared for a grid-connected PV-hydrogen system. The 
proposed hydrogen hybrid operation strategy outperforms other two 
operation strategies under both pessimistic and optimistic cost scenarios. 
The comparison between hydrogen storage and battery storage was 
further conducted. Under the pessimistic cost scenario, battery storage 
has much better performance in SSR and NPV. Under the optimistic cost 
scenario, hydrogen storage achieves comparable performance with 
battery storage in terms of SSR and NPV. When further considering the 
prosumer’s impact on the grid, hydrogen storage is more favorable in 
terms of the third optimization objective GI.   
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6. Limitations and Future work 

There are other component models except for those listed in Chapter 
2. More appropriate models should be identified and verified with 
experimental data.  

Demand side management is another identified approach that helps 
improve the PV system’s performance. Even though some programmable 
appliances, including washing machines, clothes dryers and dishwashers 
have limited potential as highlighted in [74], heat pump, which occupies 
large percentage of electricity consumption during cold months, needs to 
be further evaluated in its role of carrying out peak shaving and load 
shifting.  

This thesis proposed a storage sizing method, which avoided 
forecasting. However, it is expected that forecasting can help achieve 
better system performance. It is necessary to study the performance 
difference between the cases with forecasting and without forecasting 
methods.  

Another limitation is the applicability to other cases. The cases 
without or with less serious seasonal mismatch problem should be tested. 
This thesis is based on one multi-apartment building. Nevertheless, the 
aggregation of many apartment’s electricity consumption has a 
smoothing effect on the load [7]. Single family apartments or single 
family houses that do not have the smoothing effect should be further 
evaluated. Moreover, the studied case is located in a deregulated 
electricity market, which provides the building owner access to these 
economic opportunities [65]. The cases in other electricity markets and 
other countries should be included. Furthermore, more rule-based 
operation strategies should be designed and investigated.  
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