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Abstract

Multi-energy systems are energy systems whereby several types of en-

ergy interact optimally each others at various levels. Such systems have a

pivotal role in the current global energy transition towards an increasingly

sustainable energy sector and distributed generation. However, the full po-

tential of these systems can be achieved only through accurate modeling,

design, and optimization operations. In fact, such processes can quantify

the performance and the economic and environmental advantages of the

elements that compose the multi-energy systems. The analyses must con-

sider the individual elements, their insertion in the system, and therefore

the interactions with other components.

Specifically, this thesis studies several technologies: (i) renewable en-

ergy sources, (ii) storage systems, (iii) alternative mobility, and (iv) hy-

drogen elements. Each of them has several peculiarities and critical issues

to analyse. Chapter 1 evaluates the economic and environmental impact

of the integration of a Li-Ion battery-based electricity storage in a resi-

dential context, for several battery capacities and climates. The aim is

to determine a climate independent scaling law for the optimization of a

battery energy storage system in a residential environment. Chapter 2

examines a condominium system for shared charge of electric vehicles im-

plementing a rule-based logic and a pricing policy aimed at the intelligent

use of the available energy and infrastructures. The proposed peer-to-peer

charging strategy could be a crucial element for the energy communities.

Chapter 3 studies the conversion of a commercial electric moped (Askoll

eS3
®) in a fuel cell hybrid-light electric vehicle. An optimization method-

ology based on backward dynamic programming allows to determine the

optimal components design. Such optimal design and operation strategy

can be also implemented with a rule-based approach. Chapter 4 evaluates

a non-dimensional methodology to feature the operation of several cylin-

drical metal hydride-phase change material hydrogen tank layouts and to
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establish the optimal configuration in terms of power and charge/discharge

time. In detail, 13 non-dimensional parameters which completely describe

the process are determined through the Buckingham theorem. Finally, the

presented methodology is applied to analyse the impact of such parameters

on a baseline design metal hydride-phase change material system.



Introduction

The growing concerns about climate change, fossil fuel shortage, and

air pollution are driving the global energy transition towards an increas-

ingly sustainable energy sector [1]. In this perspective, the European

Commission presented a detailed plan to reduce GreenHouse Gas (GHG)

emissions by at least 55% by 2030, compared to 1990 levels [2]. Such

result will be the first step in a balanced pathway to achieve climate neu-

trality by 2050 [3], to keep the CO2 concentration below its tipping point

of 450 ppm [4], and to stabilize the average global temperature rise below

2◦C [5]. However, accomplishing such goals is difficult as many inter-

connected factors influence energy usage, conversion, and consumption.

For this reason the energy transition regards all sectors [6–8] and aims to

increase energy efficiency, to reduce environmental impact [9], and to op-

timize energy management [10] through several technological alternatives,

such as: (i) promoting Distributed Generation (DG), cogeneration, and

trigeneration [11, 12]; (ii) increasing the Renewable Energy Sources (RESs)

penetration [13, 14]; (iii) improving the buildings efficiency [15, 16]; (iv) de-

veloping and diffusing alternative mobility solutions [17, 18]; (v) increas-

ing the diffusion of secure, effective, and efficient energy storage systems

[19, 20], capable of solving the temporal mismatch between production

and use of RES [21]; (vi) spreading energy communities [22] and smart

grids [23–25].

Multi-Energy Systems (MESs) are closely related to each of these solu-

tions and can represent an important opportunity to improve the technical,

economic, and environmental performance of the “classic” energy systems

whose sectors are treated “separately” or “independently”. From the en-

gineering point of view, an energy system is a cluster of technical and

economical elements predisposed to meet the energy demand [26]. Such a

system can be used for several applications: stationary power production,

mobility, and portable devices. More specifically, a multi-energy system
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is a particular energy system whereby electricity, heat, cooling, hydro-

gen, fuels, transport, and so on interact optimally each others at various

levels (for example within a district, city, region or nation) [27]. All the

elements mentioned above (renewable energy plants, alternative vehicles,

storage systems, etc.) collaborate in a MES (Figure 1) in order to satisfy

the request from user, minimizing energy waste and harmful emissions.

Making all these technologies effectively usable and performing requires

substantial investments, appropriate policy choices, considerable design

efforts, and research activities [12].

O2 Demand

Power HeatWaterH2 O2

Water purification

Electrical Storage

O2 Storage

H2 Mobility

EV charging station
Renewable Energy

Fuel Cell

Electricity Grid

Energy Demand

H2 Storage

Thermal Storage

Water Storage

Figure 1: Example of multi-energy system.

In this new energetic phase, the distributed generation represents a dif-

ferent way of thinking and managing the electricity grid, based no longer,

or rather not only, on large power plants connected to extended networks,

but on small-medium sized production units integrating renewable ener-

gies. These plants are distributed homogeneously in the territory, con-

nected directly to the utilities or in any case to low-voltage networks and

can have powers ranging from a few W to hundreds of MW in the largest
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cases [28]. The main advantages of distributed generation are: (i) shorter

electricity distribution and transmission networks. This allows to decrease

the construction and maintenance costs and to avoid electric energy losses

that are around 7% of the electricity transported for the long high voltage

networks [29]; (ii) greater network reliability, since the shutdown of a sys-

tem does not lead to the interruption of the supply, but it is compensated

by the presence of other plants. This aspect is particularly important for

renewable energy systems, for which the most part of supply energy is in a

discontinuous manner; (iii) reduction of harmful emissions and greenhouse

gases; (iv) “greater intelligence” of the network; (v) exploitation of energy

that would otherwise be lost. Within this new scenario, the electricity

grid completely changes its role and functions. In fact, it will gradually

transform itself from a “passive” network to an “active” and “intelligent”

network (smart grid), capable of managing and regulating multiple elec-

trical flows that circulate in a discontinuous and bidirectional manner [29].

In this new energy frontier, multi-energy systems play a role of primary

importance, being the main energy production units integrated into the

smart grid.

Moreover, the concepts of energy and time are tightly connected. In

this respect, shifting demand to match supply and re-conceptualizing in-

teractions between time and energy is pivotal to achieve low-carbon energy

goals [30–32]. As a consequence, the design of new MESs must rely on real

time-varying consumption data, rather than on peak or average demands

to allow the contemporary optimization of production and demand phases

[12, 33–36]. In this scenario, load control technologies (i.e. storage tech-

nologies) able to reshape customer load profiles with the aim to optimize

the use of RESs [37] are central. Such storage technologies still need a co-

evolution of innovation, investment, and deployment strategies [38]. This,

highlights a significant knowledge gap on techno-economic assessment of

electricity storage systems. Among the different energy storage solutions,

Battery Energy Storage Systems (BESSs) are the most widespread tech-

nology [39–41]. Batteries are used in a wide range of applications such as

energy storage, electric utility, portable devices, and electric vehicles [39–

43]. They have drawn considerable attention thanks to favorable features,

such as fast response, controllability, and geographical independent opera-

tion [44, 45]. The integration of RESs and BESSs is an effective approach

to solve the temporal mismatch between production and use, and to per-

form peak shaving, load leveling, demand response, voltage regulation,



8 Introduction

frequency regulation, and other ancillary services [46–50]. Batteries can

also reduce the cost of electricity in commercial buildings and residential

dwellings by absorbing and storing energy from the grid during off-peak

periods and injecting it during high-demand periods when prices are very

high [51, 52]. However, their investment cost is still high [53] even though

in the last decade the price of Lithium-Ion (Li-Ion) batteries has fallen,

and this trend is expected to continue [54]. In 2012 the contribution of

buildings to the final energy consumption in Europe was 40%, making the

building stock responsible for 36% of the total European CO2 emissions

[55]. Over the years, the buildings share of the final energy consumption

has remained fairly stable and in 2017 it stood at around 42% [56]. Since

2007, stringent building codes and policies caused this value to decrease

slightly in residential buildings. Conversely, the final energy consump-

tion in non-residential buildings remained stable over the last decade [55].

In commercial buildings, high consumption ordinarily occurs during the

daytime, when the PhotoVoltaic (PV) production also peaks. Instead, in

residential buildings the consumption is usually lagged in time with re-

spect to PV production. As a consequence, they are excellent candidates

for increasing self-consumption thanks to the use of BESSs [57, 58]. Such

considerations highlight that it is necessary to refurbish existing buildings

and to design new ones with low energy demand, availability of RESs,

and electricity storage [59–62]. In the last decade new policies have in-

troduced technical and regulatory measures to promote a more rational

energy use in the residential compartment [63–65]. One key is the in-

troduction of nearly Zero Energy Buildings (nZEBs) concept as the new

building target [66–70]. A nZEB is a building with a very high energy per-

formance, where the nearly zero or the very low amount of energy required

is covered to a very significant extent by energy from renewable sources

produced on-site or nearby [71]. In such a building environment, Li-Ion

battery systems are particularly suited to achieve high self-sufficiency, see

for instance [72]. Therein, three different types of batteries, including lead

acid, NaNiCl (Sodium-Nickel-Chloride) and Li-Ion, are studied in com-

bination with PV within the Swedish context. Similarly, several studies

focus on techno-economic analysis of BESS in residential buildings in spe-

cific energy markets and climates. In particular, in the Australian energy

market combining PV and BESS gathers a sustainable investment [73]. In

Finland, BESS is demonstrated to increase the PV optimal size for both

apartment and detached houses [21]. However, such a result is subject
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to the adoption of dedicated energy pricing policies. In the same way,

for the United States energy market sustainability of the investment of

BESS combined with PV still relies on the implementation of financial

support mechanisms [74]. The profitability of combining PV and BESS

in the residential environment depends on the possibility to significantly

increment renewable energy self-consumption [75]. This also evidence the

importance of selecting a proper control strategy [76, 77]. The relevance

of such a control strategy is demonstrated for a MES in Hong Kong [76]

and for a low energy building in China [77].

Alternative mobility, especially the electric mobility, is another key

area for achieving climate neutrality. It has crossed a critical threshold

leveraging on several increasingly important issues: carbon constraints,

high oil prices, rise of organized car-sharing, and inter-modality [78]. More-

over, to facilitate its success the European Commission has set several

goals on different scales. The key short-term goal is to improve local air

quality [79]. To accomplish this, a 55% reduction in car emissions and a

50% reduction in van emissions by 2030 are planned. In the longer term,

the Commission has developed a comprehensive strategy to phase out the

conventionally powered cars [80]. In fact, no new cars with combustion

engines will be sold from 2035 onward [81]. Electric Vehicles (EVs), both

Plug-in Hybrid Electric Vehicles (PHEVs) and Battery Electric Vehicles

(BEVs), are considered essential elements of such new sustainable con-

text. These vehicles are two to four times more efficient than conventional

internal combustion engine models and can reduce reliance on oil based

fuels as well as deliver significant reductions in GHG emissions when run-

ning on low-carbon power [82–84]. After a decade of rapid growth in the

EVs market, at the end of 2020 there were 10 millions electric cars in

the world. In addition, in the first-quarter of 2021, global EVs sales rose

by around 140% compared to the same period in 2020 [83]. This steady

growth in sales is due to the continuous increase in the average driving

range of the new BEVs, and to the decrease in their price [85], mainly

driven by the lower cost of Li-Ion batteries. In fact, the weighted average

range for a BEV increased from 200 km in 2015 to about 350 km in 2020.

Li-Ion batteries prices in 2010 were above 1100 $/kWh and have fallen to

137 $/kWh in 2020 (89% reduction in real terms) [86, 87]. Future pro-

jections by BloombergNEF [86] indicate that the average prices will be

soon close to 100 $/kWh. However, there are still several shortcomings

that slow down massive EVs diffusion: high purchase and battery cost
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[88], uncertain battery life, limited battery range, and “range anxiety”

due to limited capillarity of charging infrastructures and long charging

times [89–91]. Besides, regarding the electric battery range, there is a no-

table misperception among EVs drivers that the range cannot meet their

actual driving needs [92]. The limited diffusion of charging infrastructures

is one of the major problems that hinders the growth of electric mobility

[93]. Electric vehicles sales and charging infrastructure development are

connected through a tight loop [94]. In fact, without an adequate infras-

tructure, electric cars will not take over traditional vehicles. Conversely, as

long as the electric vehicles market does not significantly grow, the infras-

tructure will never be built as the investment would be hardly recoverable

[95]. Furthermore, a wider penetration of electric vehicles could generate

problems on the grid such as phase imbalances, energy quality reductions,

and overloading of transformers and lines [96, 97]. The lack of charging in-

frastructure is particularly relevant in residential buildings, where there is

also the problem of shared electricity, which does not meet the EVs owner’s

requirements [98]. In fact, in residential context there is a widespread re-

luctance regarding the installation of EVs charging stations that could

only be used by a few homeowners [99]. In addition, there is also a prob-

lem regarding the safety of electrical installations, since they are not built

to support EVs charging stations and an upgrading of the condominium

infrastructure could be necessary [98–101]. Literature demonstrates that

it is possible to control and coordinate the charging schedule to improve

electric mobility systems performance and sustainability. The coordinated

EVs charging methods can be categorized into three types depending on

the objective function [102, 103]:

� To reduce the effects of EVs charge on the distribution grid. Regard-

ing the minimization of the effects of EVs on the grid, the authors in

[104] and [105] evaluate the impacts of EVs charge on transformer

capacity overloading, system power losses, and voltage deviations

highlighting the need for controlled charging methods. Other stud-

ies conclude that uncontrolled charge of EVs loads can limit the EVs

percentage penetration into the distribution grid [106–108]. In [109]

an EVs optimal controlled charging policy using artificial immune

systems is presented to minimize power losses, and to avoid over-

load as well as higher voltage levels. In [110] a charging strategy is

proposed to minimize the peak load demand. The authors in [111]

introduce a demand response strategy to decrease the potential im-
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pacts of new load peaks due to EVs integration, while minimizing

the cost of upgrading the infrastructure. In [112–115] the optimal

charging control for EVs is achieved by optimizing the EVs energy

usage through different method, also considering the Vehicle-to-Grid

mode.

� To minimize the EVs charging cost. Several researchers propose

to adjust the EVs charging rates and charging start times in order

to minimize the charging cost. For instance, the authors in [116]

introduce a control model for EVs charge according to real-time

electricity price information. A real-time V2G control algorithm

with price uncertainty is proposed in [117] to maximize the profit

of each EV owner. In [118], [119], and [120] optimal EV control

strategies are presented to minimize the total cost of electricity that

the owners pay for their own vehicle charge. In [121] a real-time non-

cooperative model is developed in order to encourage the EVs owners

to change their charging schedule from peak hours to off peak hours.

Finally, the study in [122] aims to minimize the EVs charging cost

within the electrical system constraints, while in [123] the authors

suggest a centralized approach to coordinate the EV charge.

� To use EVs batteries to store energy from renewable sources in a

context of distributed generation and Vehicle-to-Grid (V2G) mode.

Also the possibility to use renewable electricity from sun and wind

has been largely investigated in literature [124]. In [125], the au-

thors deepen the advantages of implementing charging stations based

on large-scale turbines and show that EVs could be a critical fac-

tor for enabling the high penetration of wind energy. Moreover,

shifting EVs charge to times with high wind availability allows to

achieve cost savings [126]. Similarly, the analysis of a charging in-

frastructure with photovoltaic panels highlights that switching the

EVs charge from night time to day time, which would match with

peak solar production, could increase solar energy penetration and

reduce charging cost [127]. Finally, several studies [128–131] show

that a hybrid infrastructure (for example, solar energy, wind energy

and battery energy system) with optimised EV charging methods

could have environmental, cost, and grid advantages.

In the new and complex energy panorama, hydrogen technologies are

and will be vital in different areas such as mobility, stationary energy gen-
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eration and storage, and industrial applications [15, 36, 132] In the same

way, they will also be crucial also in MESs. Fuel Cells (FCs) produce

electricity by highly efficiently (electrical efficiency up to more than 60 %

[133, 134]) oxi-reducing hydrogen. Therefore, stationary and mobility ap-

plications implementing FCs can reduce the operational costs and the

emissions of carbon dioxide and other pollutants compared to traditional

energy conversion systems. An extensive utilization of hydrogen (called as

hydrogen economy) needs also harmless, compact, light and cost-efficient

hydrogen storage [135]. The main hydrogen storage methods include gas,

liquid, and solid storage [136], and every technique has its own strengths

and weaknesses [137]. Among these methods, solid state Metal Hydride

(MH) hydrogen storage is one of the most promising solutions for several

stationary and mobile applications [138]. The main advantages of MHs

over the other storage techniques are their high degree of safety and re-

liability, high hydrogen volumetric density, comparatively low operating

pressure, the possibility of operation at room temperature and relatively

low cost [139–142]. Nonetheless, none of the current MH technologies

fulfills all the essential criteria for a practical hydrogen economy [135],

especially due to their slow kinetics and the difficulty in controlling MH

temperatures during hydrogen absorption and release. More specifically,

being the hydrogen absorption (hydrogenation) and hydrogen desorption

(dehydrogenation) to/from MH respectively exothermic and endothermic

processes, the rate at which the hydrogen gas is absorbed can be maxi-

mized by lowering the system temperature, and the converse happens for

the desorption process [143]. Therefore, advanced thermal control and

management are crucial to enhance MH performance [144, 145].

In the mobility field, Fuel Cell Electric Vehicles (FCEVs) [146, 147] can

offer several opportunities over BEVs, such as higher volume energy den-

sity of the storage, longer driving-range, shorter refueling times, and bet-

ter drivability because their performance does not depend on the State of

Charge (SoC). Moreover, FCEVs can ease the integration of RESs through

higher flexibility in terms of fuel production, storage, and delivery. In this

regard, the deployment of FCEVs based on blue and green H2 must be ad-

dressed by considering the whole chain from the H2 production, to its long

term storage and distribution, on-board storage, and, finally, to the road.

Fuel Cell Hybrid Electric Vehicles (FCHEVs) result from the combination

of fuel cell and battery as energy sources [148]. Such combination enables

to keep all the FCEVs advantages, while enabling the optimization of the
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overall design [148, 149]. Several technical and economical challenges need

to be subdued in order to make FCEVs and FCHEVs popular and suc-

cessful competitor with conventional vehicles for consumers. Among such

challenges there are: higher initial cost, higher replacement cost, possible

increase in weight, and long-term reliability. Micro-mobility is an expo-

nentially growing new trend [150], especially in urban environments [151].

In particular, Battery-Light Electric Vehicles (B-LEVs) such as e-bikes,

e-scooters, and e-mopeds [152] offer different advantages over traditional

ICE-based four- and two-wheeled vehicles [153]. For example, B-LEVs re-

quire less energy for production and operation [154], positively affect urban

congestion by using less parking and driving space, and produce signifi-

cantly less noise and harmful emission [155]. Thus, micro-mobility and

new ownership models such as sharing services with B-LEVs are emerging

in cities worldwide [156, 157]. According to the European Union guide-

lines, e-mopeds are two-wheeled motor vehicles with up to 4 kW for electric

motors [158]. Since its inception in 2012, the e-moped sharing market has

been growing year by year. The number of shared e-mopeds available

worldwide increased by 164% in 2019 compared to 2018 [159] and by 58%

in 2020 compared to 2019 [160]. Such diffusion of electric micro-mobility

can be further boosted by developing and implementing Fuel Cell Hybrid-

Light Electric Vehicles (FCH-LEVs), considering the aforementioned tech-

nical advantages. Power-train design and sizing is key towards maximum

vehicle efficiency and durability [161–163], especially for hybrid systems

[164, 165]. The application of the optimal management of the power-train

to its design reduces both power demand and energy consumption, foster-

ing the downsizing of the components [166, 167]. In fact, the operating

efficiency largely depends from the control strategy [33, 168], as demon-

strated in several studies [132, 169, 170]. The optimal management design

has been proposed in [171] for a fleet of ZEVs. The potential of such

design and control methods applied to the power-train of e-moped FCH-

LEVs, has not been fully unveiled yet. In fact, only few papers study

the optimized design of FCHEVs in bikes [172, 173], cars [174, 175], and

yard-trucks [176]. Only few prototypical examples of motor-bikes [177]

and e-moped FCHEVs exist [178]. Moreover, also the integration of MH

tanks in the vehicles is a relatively untreated topic.

For what concern the hydrogen storage, literature shows significant re-

search and development efforts to improve heat transfer in the MH tanks,

in order to efficiently operate alternate heating and cooling and obtain re-
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action times of practical interest. In particular, current research works fo-

cus on: (i) techniques to improve the effective thermal conductivity of the

MH bed; (ii) high efficiency internal/external heat exchanger; (iii) Phase

Change Materials (PCMs) utilization. Several studies evaluate simulation

models for heat and mass transfer in MH tanks to determine the optimal

system design and characteristics [179–186]. Various MH tanks configura-

tions have an external heat source to generate the desorption heat and/or

a cooling system to extract the absorption heat. More specifically, the us-

age of heat exchangers such as straight tubes [187], helically coiled tubes

[188–190], multi-tubes [191, 192], tubes with fins [193–195], and heat pipes

[196–198] is assessed. The results show that such heat exchangers are an

efficient way to improve reaction kinetics. A more elegant (and efficient)

solution is to store the heat emitted by the MH during the absorption pro-

cess and then to reuse it in the desorption process. Such a “regenerative”

process can be achieved through the thermal coupling of MH with phase

change materials. PCMs are latent heat thermal storage systems used to

stock and release heat in a narrow temperature range through melting and

solidification [199, 200]. Currently, various researches investigate different

aspects of MH-PCM coupling [201–203]. The purpose is to store all the

heat released during the hydrogenation of the MH tank, thus minimizing

the loading time and increasing the power performance of the reactor. To

this end, the choice of an appropriate PCM and the optimization of its

quantity are essential to ensure efficient heat transfer and fast hydrogen

charge and discharge rates [204]. The PCM should have high thermal

conductivity and melting enthalpy and a suited phase change tempera-

ture. In particular, the melting enthalpy should be equal or bigger than

the reaction enthalpy of MH [143], and the phase change temperature

must be between the highest and lowest temperatures reached during the

whole process to maintain a sufficient temperature gradient for heat trans-

fer [205]. In [206], the authors examine a MH-PCM system studying the

PCM choice and evaluating the effect of several thermodynamic properties

such as melting temperature, latent heat of fusion, specific heat capacity,

density, and thermal conductivity. Especially, such last parameter is low

for most PCMs [207] and an improvement is needed to enhance the heat

exchange. In this perspective, Metal Foam (MF) can be integrated into

both PCM and MH. Various researches study the integration of different

MFs into the metal hydride to improve the hydrogen storage performance

[208–210], and into PCM to improve thermal storage performance [211–
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213]. In [214], a survey on a MH reactor surrounded by a PCM composited

with MF is presented. Such MF-PCM-MH system shows improved heat

transfer and hydrogen storage efficiency. In most literature research, PCM

is matched with MH by surrounding the tank. For cylindrical storage can-

isters, the limited contact area between MH and PCM restricts heat trans-

fer and hydrogen storage performance. Thus, it is vital to find alternative

layouts to overcome this problem. In [215], a spherical and a cylindrical

storage tank surrounded by PCM are compared. The results show that

the spherical configuration is 22% faster than the cylindrical one to reach

80% storage capacity under the same conditions. In [216], a novel type of

MH-PCM unit (PCM sandwiched between two layers of MH) is presented,

along with a mathematical model to describe the hydrogen ab/desorption

of MH and the heat storage/release of PCM. Such a new sandwiched MH-

PCM configuration is compared with classical PCM-surrounded layout in

[217]. The results show that hydrogen absorption and desorption times

are reduced of ∼ 78% and ∼ 59%, respectively, in sandwiched MH-PCM

units, compared to cylindrical PCM-surrounded tank. The sandwiched

MH-PCM configuration has faster charge and discharge rates due to the

greater heat exchange area (about 2.5 times).

In this work all the topics related to the multi-energy systems pre-

sented in the introduction are debated. In Chapter 1 we assess a climate

independent scaling law for the integration and the optimization of a bat-

tery energy storage system in a residential environment. In particular, we

evaluate the environmental and economic impact of the introduction of

a Li-Ion battery in a real existing nZEB, for five different climates and

for several battery capacities. In Chapter 2 we develop a condominium

system for shared charge of EVs implementing a rule-based logic and a

pricing policy aimed at the smart use of the available energy and existing

infrastructures. Chapter 3 evaluates the techno-economic feasibility of the

conversion process of a battery electric moped in a fuel cell electric moped.

Finally, Chapter 4 studies a non-dimensional methodology to characterize

the operation of different cylindrical metal hydride-phase change mate-

rial tank layouts and to determine the optimal configuration in term of

charge/discharge time and power.





Chapter 1

Techno-economic analysis of

the integration of a BESS in

residential sector

Effective electricity storage solutions that decouple energy use and

production are central to the green energy transition. In particular, in the

residential sector, the implementation of such solutions should boost the

potential of nearly Zero Energy Buildings (nZEBs) to reduce the primary

energy consumption and greenhouse gases emission and towards a greater

energy self-sufficiency.

Despite site-specific studies clearly evidence the usefulness and prof-

itability of the Battery Energy Storage Systems (BESSs) in the residential

setting, to the best of our knowledge, climate independent general scaling

laws are still not established. In this chapter we posit the challenge to

determine such scaling laws by dissecting the behavior of a whole nZEB

for different climatic conditions and BESS capacities. We model all the

elements of the system (residential building made of 13 apartments, re-

versible heat pump, PhotoVoltaic (PV), and Li-Ion battery). Specifically,

we consider the BESS performance as a function of the State of Charge

(SoC) and temperature, and its thermal management and geometry. High

resolution measured energy demands are only sparsely available due to

the limited diffusion of smart energy meters in residential settings and

privacy concerns [218, 219]. Thus, we determine the nZEB energy de-

mand through a thermodynamic building model validated by comparison

against site-specific measures.
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The chapter is organized as follows. The problem statement is pre-

sented in Section 1.1. In Section 1.2 we describe the system, its control

logic, and the numerical models. Results are presented and discussed in

Section 1.3. Finally, in Section 1.4, we draw the conclusions.

1.1 Problem Statement

In this chapter we dissect the environmental and economic impact of

the integration of a Li-Ion battery-based electricity storage in a residen-

tial setting (Figure 1.1), for different climates and with different battery

capacities. We analyze a year of system operation for the five different

climates with a hourly time discretization.

Electricity

Electrical Storage Electricity gridResidential Building

PV System

Heat pump

Heat

Cooling

Figure 1.1: Schematic representation of the main elements of the system.

We consider a building designed following the “Directive of the Euro-

pean Parliament on the energy performance of building” (2010/31/EU)

[220] and that meets the “Casaclima” energy certificate [221]. It belongs

to the CasaClima A energy class (Class A for what concerns the envelope

efficiency, Gold Class for what concerns the overall energy efficiency). It

can be considered as a nZEB, and it is representative of future energy

communities, in particular in a context of distributed generation [222].

The building is located in Viterbo, Italy, and is equipped with energy me-

ters that allow to validate its modeling. Its main features are shown in

Table 1.1. The building integrated PV (Figure 1.1) utilizes 75% of the
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total building roof, for a peak power Ppeak = 38.6 kWp. A 42 kW cen-

tralized reversible heat pump system provides cooling and heating energy.

Notably, such a system converts heat and cooling loads into an electricity

demand, and the nZEB requires no fuels.

Feature Value Unit of Measure

Surface 1314 m2

Floors 6 –

Apartments 13 –

Roof Surface 263 m2

Table 1.1: Relevant properties of the selected building reported in the

“Casaclima” energy certificate.

Electricity is stored in Li-Ion pouch cell batteries (i.e. those used in the

Nissan Leaf car) whose main characteristics, according to the IEC 62660−
1 [223], are shown below in Table 1.2. Battery capacity is varied by chang-

ing the arrangement and number of cells.

Feature Value Unit of Measure

Rated capacity 56.3 Ah

Nominal voltage 3.65 V

Lenght 261 mm

Width 216 mm

Thickness 7.91 mm

Mass 914 g

Energy density 224 Wh/kg

Table 1.2: Relevant properties of the Li-Ion pouch cells, according to

IEC 62660− 1 [223].

Environment temperature influences heating and cooling energy de-

mands and, consequently, the interaction between the PV, the battery,

and the electricity grid. To dissect such an influence, we consider five

different climates, according to the International Energy Agency (IEA)

classification [224]: Cold, Heating based, Moderate, Cooling based, and

Hot. The IEA classifies the climatic conditions according to the total num-

ber of Heating Degrees Days (HDD) and Cooling Degrees Days (CDD) per

year, as reported in Table 1.3. Therein, we also report a representative
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European city for each climate.

Climatic Zone HDD [◦C] CDD [◦C] City

Cold ≥ 2000 ≤ 500 Warsaw (Poland)

Heating based ≥ 2000 [500, 1000] Viterbo (Italy)

Moderate ≤ 2000 ≤ 1000 Malaga (Spain)

Cooling based [1000, 2000] ≥ 1000 Athens (Greece)

Hot ≤ 1000 ≥ 1000 Larnaca (Cyprus)

Table 1.3: Heating and Cooling Degrees Days and representative cities

for each IEA climatic zone [224].

1.2 Modelling and Description of the system

1.2.1 Energy fluxes

The system bidirectionally interacts with the electricity grid as evi-

denced in Figures 1.1 and 1.2. The load is first satisfied by the PV system.

When its production is larger than demand, the surplus energy is sent to

the battery and, once its maximum SoC is reached, to the grid. If the

building consumption is greater than the PV production, the necessary

energy is first drawn from the battery. When it is discharged, the grid

feeds the required power.

1.2.2 Residential Building

We model the building through the “EnergyPlus” software [225]. It

uses a thermodynamic approach based on energy and mass balance equa-

tions [225]. The building can be divided into different zones based on their

usage and required temperature. The model inputs are: (i) the geometry

of each building zone; (ii) the envelope properties; (iii) the activities (e.g

appliances and lighting schedule) related to each zone; (iv) the temper-

atures that must be guaranteed in each zone; (v) the characteristics of

the heat pump. Finally, a Typical Meteorological Year (TMY) provides

all the meteorological data for each location. The outputs are the hourly

electricity and Heating, Ventilation and Air Conditioning (HVAC) energy

demands for each building zone for a calendar year.
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PV production ≥ load consumption
Yes No

Battery is full

Feed PV energy
into the grid

Load Battery with
remaining PV energy

PV energy remaining

Yes No

Yes

Yes No

Yes

Battery is empty

Use stored energy
for remaining loads

Purchase energy
from the grid

Loads still need energy

PV energy remaining Loads still need energy

Figure 1.2: Representation of the nZEB energy fluxes control logic.

Apartments require electricity for lighting, appliances, and HVAC. Fig-

ure 1.3 shows the lighting and appliances consumption of an apartment

(uel) calculated through EnergyPlus for one week. On weekdays, it shows

a repetitive daily trend with a peak in the morning and one in the evening.

Weekends show three peaks per day: one in the morning, one at lunchtime,

and one in the evening. The morning peak occurs earlier on weekdays than

on weekend, as tenants get up earlier to go to work. On weekends, tenants

spend more time at home and consume more energy, as arguable from the

lunchtime peak and the longer duration of the evening peak compared to

weekdays. The uel time trace consistently repeats for all weeks of the year

being excessively repetitive compared to real energy demands. Moreover,

all the apartments have the same uel.

To gather a more realistic demand we refer to the electricity demand

of the ith apartment

u∗el,i(t) = uel(t) + σi(t) , (1.1)

where σi(t) is a Gaussian white noise and t is time. Such a procedure does
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Figure 1.3: Weekly appliances ad lighting consumption (uel) of an apart-

ment in the building.

not impact the total energy consumption as σ has zero average. We esti-

mate the amplitude of σi from the electricity consumption data reported

in [218]. Specifically, we decompose each consumption profile (u) as

u(t) = ū(t) + u′(t) , (1.2)

being ū(t) the phase average

ū(t) =
1

7

6∑
0

(u(t) + u(t+ 24)) . (1.3)

Figure 1.4 reports the consumption deviation from phase average (u′(t))

relative to the data in Figure 1 and 9 of [218]. We assume that the ampli-

tude of σi equals max(u′(t)) = 0.6 kW. The resulting u∗el,i(t) is exemplified

in Figure 1.5.

We add the HVAC consumption to obtain the total electricity demand

of each apartment (utot,i)

utot,i(t) = u∗el,i(t) +
uh,i(t)

COPh
+
uc,i(t)

COPc
, (1.4)
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Figure 1.4: Consumption deviation from phase average relative to (a)

the data in Figures 1 of [218]; (b) the data in Figures 9 of [218].
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Figure 1.5: Modified weekly appliances ad lighting consumption (u∗el,i) of

an apartment in the building.

where uh,i and uc,i are the heat and cooling demands respectively, while

COPh and COPc are the heat pump Coefficients Of Performance for heat-

ing and cooling operations, respectively.
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Finally, the total electricity demand (utot) is the sum of all the utot,i
and of the lighting consumption of the common areas of the building.

The obtained energy demand is validated for the heating based cli-

mate. Table 1.4 compares the model results to measured data and to the

“Casaclima” energy certificate requirements for the yearly consumption

of electricity for appliances and lighting (Uel), heating (Uh), and cooling

(Uc).

Building Model Measured Data “Casaclima” Data

Uel [kWh] 42856 46319 [226] 38000

Uh [kWh] 7099 6013.3 6574

Uc [kWh] 15426 15898 //

Table 1.4: Consumption data obtained, measured, and reported in the

“Casaclima” energy certificate for the residential building in the Heating

based climate.

Measured data for Uel are not available for the present building. Yet,

the obtained value is consistent because it is included between the con-

sumption reported in the “Casaclima” energy certificate and the one re-

ported in [226] for a similar residential building (with the same number of

apartments). Uh is slightly higher than the measured data and that of the

“Casaclima” certificate. Uc is the same as that measured in the residential

building. The “Casaclima” certificate, does not report data for Uc.

PV production (Ppv), is estimated through the “PVGIS” platform for

each considered locations [227].

1.2.3 Battery

The battery is made of Li-Ion pouch cells, whose characteristics are

shown in Table 1.2. We model the cell through the zero-th order equivalent

circuit presented in [228] (Figure 1.6).

This model demonstrated to be adequate for estimating the losses that

occur during battery operation [229, 230]. We assume that at time t

the current flowing in and out of the battery terminals (I), the battery

temperature (T ) and the SoC are known. For the battery charging process

I is negative. Conversely, for the discharge process it is positive. The

battery load voltage (VL) is defined as
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discharge
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Figure 1.6: Zero-th order electrical circuit model of the battery [228].

VL(t) = ns[Voc(t)−R0(t)I(t)np] , (1.5)

where ns is the number of cells arranged in series, np is the number of

cells arranged in parallel, Voc is the open-circuit voltage, and R0 is the

equivalent resistance of the battery. R0 varies as a function of the tem-

perature and of the SoC (Figure 1.7). The effects of temperature on all

the other parameters are neglected. For Voc, this assumption is supported

by experimental results [231], as evidenced in Figure 1.8. The internal

resistance of the cell (Ri) is

Ri(t) = ΩcellR0(t) , (1.6)

being Ωcell its volume. The heat generated per unit volume (qgen) is de-

termined through Equation (1.7)

qgen(t) = Ri(t)
I(t)2

Ω2
cell

− I(t)

Ωcell
T (t)

∆S(t)

F , (1.7)

where F = 96485 C/mol is the Faraday constant and ∆S is the entropy

variation that is calculated as a function of the SoC through the experi-

mental formulations presented in [232] and reported in Equation (1.8)
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Figure 1.7: Equivalent resistance of the battery as a function of the

temperature and of the SoC.

∆S(t) =


99.88 SoC(t)− 76, 67 if 0 ≤ SoC(t) ≤ 0.77

−30 if 0.77 < SoC(t) ≤ 0.87.

−20 if 0.87 < SoC(t) ≤ 1

(1.8)

The current I(t+ dt) is obtained as

I(t+ dt) = ±VL(t)−
√
VL(t)2 − 4Pbatt(t)R0(t)

2R0(t)
, (1.9)

where Pbatt is the electrical power flowing in or out of the battery. The

temperature of the battery T (t+ dt) is

T (t+ dt) = T (t)
qgen(t)− qconv(t)

Ωbatt

cpcell ρcell
, (1.10)

where cpcell is the specific heat capacity, ρcell is the density of the Li-Ion

cell, Ωbatt is the volume occupied by the cells within the battery pack, and
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Figure 1.8: Experimentally validated open-circuit voltage curves as a

function of the SoC for different temperatures [228].

qconv is the heat exchanged by natural convection at the battery surface

(A). Specifically

qconv(t) = hA[T (t)− T∞] , (1.11)

being h the convective coefficient and T∞ is the environment temperature.

Leveraging on the geometry of the Nissan Leaf battery pack [233], we cal-

culate A assuming an effective pack volume equal to 4 Ωbatt. We estimate

the SoC(t+ dt) through the following Equation

SoC(t+ dt) = −I(t+ dt)

Qnom
ηc + SoC(t) , (1.12)

where ηc is the Coulomb’s efficiency [234] and Qnom is the battery nominal

capacity that varies as a function of the number of cells and their arrange-

ment. To ensure correct operation and long battery life, and according

to [235], companies like Hitachi, Saft and Solom recommend limiting the

SoC variation to the range 0.1 < SoC < 0.9.

The model is implemented in the Matlab Simulink computational en-

vironment. Each simulation requires few seconds on a state-of-the-art

desktop computer (intel-i7 8th generation, 16 Gb RAM).
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Figure 1.9: Total building energy consumption as a function of time for

(a) Cold climate; (b) Heating based climate; (c) Moderate climate; (d)

Cooling based climate; (e) Hot climate. Numerical data can be found at

10.5281/zenodo.5816951.
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1.3 Results and discussion

1.3.1 Results

Table 1.5 reports the relevant consumption properties for each climate.

In literature, the total annual energy consumption per unit area (ua) is

often retrieved through building simulation models implemented in Ener-

gyPlus, and ranges from a minimum of 30.24 kWh/m2 [236] to a maximum

of 88.67 kWh/m2 [237]. We comment that, our results, are consistent with

this range for all the considered climates.

Climatic Zone Uel [kWh] Uh [kWh] Uc [kWh] ua [kWh/m2]

Cold 42856 38028 3886 64.51

Heating Based 42856 7099 15426 49.76

Moderate 42856 813 1567 34.42

Cooling Based 42856 2132 28486 55.92

Hot 42856 820 37779 61.99

Table 1.5: Building energy consumption for each climate.

Figure 1.9 shows utot as a function of time for the five considered

climates. We observe that in the cold climate the highest consumption is in

winter whereas in the hot climate it is in the summer and at the beginning

of the fall period. The heating based and cooling based climates exhibit

similar trends and air conditioning during the summer is a relevant energy

expenditure in both cases. In the heating based climate, consumption in

the winter period is, as expected, higher than in the cooling based climate.

Finally, for the moderate climate demand is constant throughout the year

without significantly dominant periods unlike the other four.

Table 1.6 reports the relevant model results for the photovoltaic sys-

tem. Therein, the renewable energy penetration factor is defined as F =

Epv/Utot, where Utot = Uel + Uh + Uc. We comment that F < 1 for all

climates, except for the moderate one. For this particular type of climate,

Epv exceeds Utot.

For each climate we study the annual behavior of the system for

n = 12 different battery capacities: Qnom,i = [0 kWh (no battery), 40 kWh,

50 kWh, 60 kWh, 70 kWh, 80 kWh, 100 kWh, 120 kWh, 140 kWh, 160 kWh,

215 kWh, 270 kWh]. Specifically, we seek to assess the optimal capacity

of the BESS to promote the local self-consumption of the PV energy by
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Climatic Zone Epv [kWh] F Pmax [kW]

Cold 40699 0.48 32.91

Heating Based 57434 0.88 32.72

Moderate 65856 1.46 34.75

Cooling Based 62404 0.85 34.30

Hot 64832 0.80 33.25

Table 1.6: Relevant properties of the PV system as a fucntion of climate.

filling the time lag between demand and production. To this aim, Fig-

ure 1.10(a) represents the self-consumed energy (Es), that is the energy

produced by the photovoltaic system effectively used to satisfy the con-

sumption of the residential building, as a function of the relative battery

capacity Θ, defined as

Θ =
Qnom
Pmax

, (1.13)

being Pmax the maximum power of the PV. Note that Pmax differs from

the Ppeak (Table 1.6).

Es is a significant parameter both from an energy and system point of

view. In fact, it should be maximized to enhance the value of locally pro-

duced energy, to minimize grid issues related to renewable energy sources

fluctuations, and to minimize energy losses. As expected, the cold climate

has the lowest Es, having the lower Epv. Conversely, the hot climate be-

ing characterized by a high Epv and a high Utot has the highest Es. The

moderate climate has the highest Epv but also the lowest Utot. Therefore

its Es is relatively low.

Despite in Figure 1.10(a) all the curves relative to different climates

qualitatively exhibit the same trend, the different max(Es) associated to

each climate hinders a general analysis of the battery electricity storage

impact.

The same results are reported in Figure 1.10(b) through a different

parameter space that gathers more insights into the BESS optimal sizing.

Specifically, we define the relative variation of self-consumed energy (λ)

as

λi = 100× Es(Qnom,i)− Es(Qnom,i−1)

Epv
. (1.14)

Notably, in Figure 1.10(b), the patterns relative to all climates collapse on

the same trend allowing a general analysis of the battery storage optimal
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Figure 1.10: (a) Self-consumed energy as a function of Θ; (b) λ as a

function of Θ.
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sizing and operation. For all the climates, λ is a decreasing function of

Θ. On average, λ ' 20% for Θ = 1.2 h. Such a figure suddenly drops

to λ ' 5% for 1.5 h < Θ < 3 h. After a relatively flat pattern for 1.5 h

< Θ < 3 h, λ reduces to negligible values for Θ > 4 h. In summary,

Θ > 4 h is not recommended in terms of capacity of the battery storage

to increase the renewable energy self consumption while Θ = 3.5 h can be

safely considered an energy-system optimal solution. As a consequence,

BESS is suitable to fill the daily temporal discrepancy between produc-

tion and demand. Conversely, seasonal electricity storage would require

much larger Θ not gathering significant benefits in terms of self-consumed

renewable energy. Figure 1.10(a) shows that Es reaches a plateau as Θ

increases. For all climates, such a plateau is below Epv evidencing that a

portion of the locally produced renewable electricity is always fed to the

grid (even for large Θ). Such an energy varies between 4200 kWh (cold

climate) and 16500 kWh (moderate climate) and could be stored for later

use by exploiting other storage systems.

In 2020, the average cost of the electricity withdrawn from the grid

in Europe, was ce = 0.2134e/kWh, including all taxes and levies [238].

Being Cw the total yearly cost of energy withdrawn from the grid, we

define γ as

γ = 100× Cw(Qnom,i)− Cw(Qnom,i−1)

Epvce
. (1.15)

Figure 1.11(a) reports γ as a function of Θ showing a similar trend com-

pared to λ (Figure 1.10(b)). Also in this case, γ ' −20% for Θ = 1.2 h then

the curves flatten almost immediately around zero after a short plateau

around −5%. In 2010, Li-Ion battery pack prices were above 1100 $/kWh

and have fallen to 137 $/kWh in 2020 (89% reduction in real terms) [86].

This is equivalent to cb = 112.65e/kWh, according to the 2020 refer-

ence exchange rates [239]. By 2023, the average prices will be close to

100 $/kWh, according to the latest forecast by BloombergNEF (BNEF)

[86]. In this economic analysis that focuses on the interaction between

residential building, battery, and grid, we assume that the energy fed

into the grid is not paid for. In fact, its economic value is dominated by

country-specific subsidiary mechanisms that would hinder a general anal-

ysis. Moreover, battery energy storage system should have the objective

to maximize the self-consumption of locally produced renewable energy.

Such an objective would be put in background by very generous subsidiary

mechanism for the electricity eventually sold to the grid.
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Figure 1.11: (a) γ as a function Θ; (b) PayBack Period as a function

of Θ.

To evaluate the feasibility of the BESS investment, we analyze the Pay
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Back Period PBP

PBP =
Ii
Sa

, (1.16)

where Ii = Qnom cb is the initial investment for the battery and Sa is the

annual saving due to the reduction of the energy withdrawn from the grid

generated by the BESS. Figure 1.11(b) shows PBP as a function of Θ for

all the climates. The moderate climate has the lowest PBP while the cold

climate has the highest one. The other three climates have approximately

the same PBP. We observe that PBP grows almost linearly for Θ > 2 h

because the initial investment for the battery dominates compared to Sa.

For Θ ' 3.5 h, PBP is between 2.5 years (moderate climate) and 4.7 years

(cold climate). Therefore, using λ curves to optimally size the battery

returns a sustainable investment for all climates. Conversely, using the

BESS for seasonal storage is unsustainable either with current batteries

costs nor with those reasonably foreseeable in the short-medium term.

1.3.2 Discussion

Besides determining the optimal techno-economic size of the battery,

our methodology allows to dissect its operation as a function of the climatic

conditions.

We first consider the average BESS Charge (SoCm) as an indicator of

the system utilization factor. Comparing Table 1.7 to Figure 1.11(b) we

observe that SoCm correlates with the climatic variation of PBP. Specif-

ically, the pay back period is inversely proportional to SoCm. Cold and

Moderate climates have the lowest and highest SoCm, respectively. This is

coherent with their PBP trends (Figure 1.11). Conversely, heating based,

cooling based, and hot climates have similar SoCm and their pay back

period curves collapse on the same pattern (Figure 1.11). Such an anal-

ysis supports the conclusion that, for nZEB applications, BESSs are not

suitable for seasonal storage. In fact, long term storage requires large ca-

pacities but the SoCm decreases as Qnom increases, consequently yielding

a larger pay back period. Similar results are obtained in [73] that shows

that the investment cost steadily rises with battery size, and that PBP is

shorter for smaller capacity systems. In addition to this, our results pro-

vide a general criterion for the techno-economic optimization of the BESS

capacity.

The pay back period also correlates to the share of the building de-

mand fulfilled by local RES, Ξ = Es/Utot, (Table 1.7) as highlighted in
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Climatic Zone SoCm Es/Utot

Cold 0.29 0.41

Heating based 0.37 0.76

Moderate 0.53 1.00

Cooling based 0.39 0.73

Hot 0.40 0.68

Table 1.7: Average annual State of Charge and renewable electricity self

consumption for Θ = 3.5 h.

[75]. Therein, it is shown that BESSs are highly profitable when the com-

bination between the supply and the demand allows a significant increase

of energy self-consumption. Similarly, we found that larger Ξ positively

impact the PBP (Table 1.7). The imbalance between PV production and

building demand

D = |Ppv(t)− utot(t)| , (1.17)

largely determines the battery operation, the λ and γ values, and, finally,

the battery optimal capacity. D exhibits the same frequency histogram

for all the climates (Figure 1.12). As a consequence, the temporal mis-

match between the Ppv and utot is similar for all the climates, despite

they have different F values (Table 1.6). All diagrams exhibit a ma-

jor frequency peak for D ' 3 kW generally followed by a lower peak for

10 kW < D < 15 kW. This, explains the patterns reported in Figure 1.10

and 1.11 suggesting also that F has a minor impact on the BESS opera-

tion. In fact, the optimal sizing of the battery is related to the temporal

mismatch between Ppv and utot, and by the D frequency diagram. On the

contrary, F compares the total energy produced by the renewable energy

sources to the nZEB yearly demand, but does not provide information nor

on their instantaneous difference nor on their discrepancy in time.

To this end, Figure 1.13 shows the SoC as a function of time for all the

climates and for Θ = 3.5 h. Generally, the battery is most likely to reach

a high state of charge in transitional seasons when utot is commonly lower

than Ppv (Figure 1.9). Specifically, in cold climate, the BESS is discharged

for all winter and part of fall and spring, when the SoC is steadily about

10% and without significant cycling (Figure 1.13(a)). In the rest of the

year, the SoC exhibits a clear daily cycling with relatively large values

during the central part of the day. In fact, in this climate, uh prevails over



36
Chapter 1: Techno-economic analysis of the integration of a

BESS in residential sector

0 10 20 30 40
0

1,000

2,000

3,000

D [kW]

Fr
eq

ue
nc

y

(a) Cold

0 10 20 30 40
0

1,000

2,000

3,000

D [kW]

Fr
eq

ue
nc

y

(b) Heating based

0 10 20 30 40
0

1,000

2,000

3,000

D [kW]

Fr
eq

ue
nc

y

(c) Moderate

0 10 20 30 40
0

1,000

2,000

3,000

D [kW]

Fr
eq

ue
nc

y

(d) Cooling based

0 10 20 30 40
0

1,000

2,000

3,000

D [kW]

Fr
eq

ue
nc

y

(e) Hot

Figure 1.12: D Frequency histograms: (a) Cold climate; (b) Heating

based climate; (c) Moderate climate; (d) Cooling based climate; and (e)

Hot climate.

the other demands causing a large energy demand in the colder periods

(Table 1.5). As a result, the battery is unused for about 100 days per year,

concentrated in colder seasons. This further explains why the cold climate

has the largest PBP: the low SoCm results from a relatively long period

of BESS disuse (about 1/3 of the year), rather then from and average low

SoC. As a consequence the pay back period is 1/3 longer than the average

of other climates (Figure 1.11(b)).
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Figure 1.13: State of Charge of the Li-Ion battery as a function of time

for (a) Cold climate; (b) Heating based climate; (c) Moderate climate; (d)

Cooling based climate; (e) Hot climate.
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In heating based climate (Figure 1.13(b)), the BESS has a steadily low

SoC only for less than 30 days during summer. For the rest of the year

there is a clear daily SoC cycling, indicating that the battery is effectively

used to match photovoltaic production and nZEB demand. The highest

SoC occurs during fall and spring, when it generally varies between 50%

and 90%. In winter the state of charge is lower, in particular during

late night and before noon. However, during such a cold season, the

SoC varies between 10% and 90% showing a deeper cycling compared to

warmer seasons. Only during transitional periods, SoC is consistently high

at the evening, and energy is transferred to the following morning. The

summer disuse period, causes such a climate to have the second longest

PBP (Figure 1.11(b)).

In moderate climate the BESS has almost the same behavior through-

out the whole year (Figure 1.13(c)). It is charged during the central hours

of the day, reaching high state of charge and then discharged in the evening

and during the morning. The SoC cycles between 35% and 90% during

hot and transitional seasons, and between 10% and 90% during cold pe-

riods. At night, generally, SoC > 40% and residual energy is used during

the subsequent morning. As a consequence the minimum state of charge

locates at late morning (just before noon). This is particularly evident

for the colder periods, when the PV production is lower in particular at

morning.

In cooling based climate, the BESS is always used. In fact, even dur-

ing summer, when SoC < 40% for about 60 days, Figure 1.13(d) evidences

daily a SoC cycling. State of charge is always maximum after noon. Dur-

ing transitional seasons, residual SoC in the evening (SoC > 50%), is used

to satisfy the demand in the morning. Conversely, during summer, at

night the battery is already completely discharged due to the large cool-

ing energy demand (Figure 1.9). Cold periods, exhibit a more variable

behavior where SoC at the evening varies between 10% and 40%. Overall,

such a battery usage pattern returns the second shorter pay back period

(Figure 1.11(b)).

Hot climate exhibits a SoC pattern similar to cooling based climate.

Yet, the hot season is much longer and the state of charge remains below

40% for about 100 days. This reduces the effectiveness of the battery and

yields a longer PBP, similar to that of the heating based climate.

SoC patterns show that the BESS never consistently charges during

one season and discharges during another. Rather, it is always character-
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ized by a daily state of charge cycling. This is consistent with and supports

the results of Figure 1.10(b) and 1.11(b). Therein, Θ = 3.5 h was identi-

fied as the optimal techno-economic size for the battery that qualifies as a

daily storage solution for nZEB (see also [72, 73] for similar conclusions).

In fact, the BESS allows matching the PV production and nZEB demand

within a day (Figure 1.13). Notably, such optimized battery storage in-

creases the percentage of the nZEB energy consumption supplied by RES

by roughly 50%. Similar results are also reported in [76] for different RES

scenarios in typical high-rise building in Hong Kong. Moreover, our results

allow analyzing how the BESS impact the RES consumption share for di-

verse climates. Specifically, the hot climate shows the largest increment

(56%), the cold, heating based and cooling based climates are all close

to 50%, whereas the moderate climate exhibits the lowest one (35%). In

the moderate climate, the low increment is explained considering that for

Θ = 3.5 h PV already completely fulfill the energy demand.

Results show that building level electricity storage cannot completely

match production and demand.Other technologies (i.e. grid or sub-grid

level storage) are required to further increase the self consumption share

of the locally produces renewable energy. Electric mobility is one of such

technologies. The Nissan Leaf consumes 20.6 kWh/100 km [240]. In Eu-

rope, the average daily distance traveled by a car is about 33 km [241], that

results in an average energy required to recharge a car of about 2481 kWh

per year. Therefore, the PV energy that cannot be locally used, could be

exploited to fully recharge from a minimum of 2 vehicles (cold climate) to

a maximum of almost 7 vehicles (moderate climate). The emission limits

for a EURO 6 diesel vehicle are gCO2 = 95 g/km [242], gCO = 0.5 g/km

[243], gNOx = 0.08 g/km [243], gPM = 0.005 g/km [243]. Thus, this solu-

tion would avoid the release into the atmosphere of a minimum of about

GCO2 = 1945 kg/year, GCO = 10 kg/year, GNOx = 1.6 kg/year, GPM =

0.1 kg/year (cold climate) to a maximum of about GCO2 = 7815 kg/year,

GCO = 41 kg/year, GNOx = 6.6 kg/year, GPM = 0.4 kg/year (moderate

climate). Vehicle energy storage, can be effectively integrated into the

nZEB as demonstrated in [244].

1.4 Summary

In this chapter we assess a climate independent scaling law for the

optimization of a BESS in a residential environment. We evaluate the
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environmental and economic impact of the integration of a Li-Ion bat-

tery based electricity storage in a real existing nZEB, for five different

climates and for different battery capacities. We optimize the system con-

trol in order to maximize the share of self consumed renewable energy for

all configurations. We model the demand of the residential building for

each climate through the “EnergyPlus” software. We determine the PV

production with the “PVGIS” platform. In addition, we model the Li-

Ion battery trough the zero-th order equivalent circuit presented in [228].

Consumption data are validated against measured energy demands.

We leverage on such data and models to carry out a techno-economic

analysis of battery integration for five different climates and for twelve

different battery capacities. We evaluate the self-consumed energy, his

relative variation and the relative variation of the cost of energy with-

drawn from the grid, as a function of the relative battery capacity. These

representations correlate all the most significant energy quantities of the

plant.

The results highlight that a relative battery capacity 1.5 h < Θ < 3.5 h

is the best solution from an energy and economical point of view. We

observe that the selected design criterion yields a PBP between 1.8 years

(moderate climate) and 4.7 years (cold climate). In conclusion, such an

investment is sustainable and gathers significant advantages both on an

energy and environmental level, for all the climates analyzed.

The methodology is also used to dissect the hourly operation of the

optimized battery. This analysis, demonstrates that, in the nZEB sce-

nario, the BESS qualifies as a daily storage system. In fact, allows match-

ing the photovoltaic production and building consumption on a daily ba-

sis. Conversely, the battery never consistently charges during one season

and discharges during another.This highlights the possibility/necessity to

combine BESSs with different technologies, possibly grid or sub-grid level

storage. Electric vehicles could effectively be one of such technologies.

In our vision, the presented framework is a valuable tool for the pre-

liminary design of batteries in buildings. On the one hand, the design of

such systems should leverage on instantaneous energy consumption and

production data. On the other hand the scaling laws presented in Figure

1.10 and 1.11 greatly simplify BESSs sizing requiring only the maximum

renewable energy sources production as input. Designing BESSs accord-

ing to the results herein presented yields both a sustainable investment

and an effective solution in terms of RES exploitation and limitation of
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grid issues. Moreover, the battery and nZEB models, are valuable tools for

policy makers to determine pricing policies that optimize specific objective

functions such as to maximize the renewable energy sources exploitation.

A further feasible application is utilizing the proposed battery model for

the design of the battery. In fact, such model allows selecting the number

of the cells, their connection (number of cells in parallel and in series),

the battery volume, and cooling surface. To this end, the model could be

ameliorated by implementing a more detailed thermal management. So

far, battery self-discharge has been discarded. Its impact on the present

results is negligible due to the low storage duration. However, such a phe-

nomenon should be considered for longer (i.e. seasonal) storage. Finally,

our results leverage on a rule based strategy for system control. Using an

optimized strategy could further improve the framework effectiveness.





Chapter 2

Assessment of residential

energy communities

integrating an electric

vehicles charging system

Electric vehicles (EVs) are expected to significantly reduce the envi-

ronmental footprint of mobility and are one of the key elements of the

current energy transition. However, several obstacles hamper the electric

mobility take over, above all the limited diffusion of adequate charging

infrastructures.

Although in literature there are methodologies to optimize the EVs

charge in various aspects, a comprehensive peer-to-peer charging strat-

egy exploiting the existing infrastructure in a building environment has

not still been proposed, to the best of our knowledge. Therefore, in this

chapter we develop a condominium system for shared charge of EVs im-

plementing a rule-based logic and a pricing policy aimed at the intelligent

use of the available energy and existing infrastructures. Such a system

could be an essential component of energy communities because it allows

to minimize both the EVs charging cost and the grid infrastructural in-

vestment by valorizing the unused portion of the electrical power installed

in the building, and the photovoltaic plant. Moreover, by reasonably ex-

ploiting such an energy the impact on the existing electrical grid could

be reduced. After describing the methodology, we assess the effectiveness

of the system in realistic case studies, using measured data from: (i) the
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ECO data-set [245] for energy consumption, (ii) the passenger car travel

survey for vehicles usage [246], and (iii) PVGIS [247] for local renewable

energy production.

The chapter is organized as follows. In Section 2.1 we present the

problem statement. Section 2.2 describes constituent parts of the system,

its control logic and the implemented methodology. Case studies and

results are presented and discussed in Sections 2.3 and 2.4. Finally, we

draw the conclusions of the work in Section 2.5.

2.1 Problem Statement

The aim of this chapter is to conceptualize, design, and prototype a

condominium system for shared charge of electric vehicles implementing

a logic and a pricing policy nudging the rational use of the available en-

ergy and existing infrastructures. In particular, the logic implemented

in the charging infrastructure is based on a forecast part that allows the

determination of realistic charging profiles and an actual charging part,

in which energy is supplied to the vehicles. Such rule-based logic can be

easily implemented in a real-time controller. Two charging strategies are

available to the user: one that minimizes the charging cost, and one that

minimizes the charging time.

In an energy community perspective, such peer-to-peer system mini-

mizes the necessity of additional charging stations by exploiting the unused

electrical power available in a residential building. In Figure 2.1(a) the

grey area is the yearly electric energy load of an average apartment with

3 kW of installed power, as reported by the office of Energy Efficiency and

Renewable Energy (EERE) [248]. Figures 2.1(b), (c), and (d) show the

hourly load of the same apartment on the 200th day, 50th day, and 300th

day representing respectively summer, winter, and transitional electrical

energy loads. In the plots, the orange area represents the energy that is

available to charge the vehicles being in excess to the apartment load. In

detail, 15204 kWh per year are usable for vehicle charge, that is 57.9% of

the total available energy. More precisely, the daily available energy for

vehicles ranges from 23 kWh/day to 50 kWh/day.

Figure 2.2 represents the scheme of the proposed system highlighting

all energy and data flows. The main components are: (i) the PhotoVoltaic

system (PV), (ii) the Residential Building (RB), (iii) the Charge-Dedi-

cated Electric Line (CDEL), (iv) the Charging System (CS), and (v) the
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Figure 2.1: Electric energy load in grey and unused electric energy in

orange of an average apartment: a) yearly demand, b) demand of day

200 (summer), c) demand of day 50 (winter), and d) demand of day 300

(transitional). Data from the office of Energy Efficiency and Renewable

Energy (EERE) [248].

Electric Vehicles (EVs). The CS optimally manages three different energy

sources following this priority order: (i) the photovoltaic, (ii) the resi-

dential building, and (iii) the charge-dedicated electric line. PV energy

is primarily used to satisfy the demand of the apartments. The energy

surplus can be used to charge EVs. Each of the apartments composing
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Figure 2.2: Scheme of the main elements of the condominium system

for shared charge of electric vehicles.

the RB has an installed 3 kW electric line. Similarly, the elevator has

6 kW of installed power and it is activated 5 − 10 times per hour. The

energy load of the apartments and of the elevator is variable and often

lower than the installed power. Therefore, the unused power is a source

of energy for EVs charge that does not require an additional investment

in infrastructure. Finally, the CDEL takes over when the energy that can

be withdrawn from the PV and from the RB is not sufficient to meet the

defined charging process.
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2.2 Methodology

2.2.1 Charging System

The CS consists of a centralized logical system and of wall-boxes. The

centralized logical system manages the continuous exchange of data and

energy between the plant components. It allows to charge the connected

EVs withdrawing in real-time the electricity from the PV, from the RB,

and if necessary from the CDEL. It also manages the pricing associated

with the charging process by considering the energy source and the power

required. The purpose of this pricing policy is to nudge users to employ

the CS responsibly (see Section 2.2.1.2).

Each EV can be connected to the CS through a wall-box, which is

a wall-mounted device compatible with all electric car models. When a

vehicle is connected it is necessary to set the car model, the finish time,

and the remaining and desired State of Charge (SoC). Through forecast

energy loads the CS determines if it is possible to successfully complete the

required charging duty. In any case, the CS suggests alternative charging

profiles associated with the forecast charging costs that the user can select.

Once one of the different alternatives has been chosen, the vehicle charging

process begins and the CS manages the energy flows based on the charging

profile set and the SoC of the vehicle battery.

Therefore, the logic of the CS can be divided into a forecast part and an

actual charging part. The first one allows the determination of realistic

charging profiles, while in the second one the energy is supplied to the

vehicles in real-time. These two parts interact with each other to ensure

rational system operation.

2.2.1.1 Hardware

We design the hardware of the CS for the simultaneous charge of three

vehicles (see Figure 2.3). System generalization to a larger cars number

is straightforward. Moreover, our prototype is already able to evidence

the advantages of energy sharing (see Section 2.4) The centralized logical

system is implemented in NI® LabVIEW 2019. Such program runs on

a workstation composed of: Intel® core i7-9700 @ 3.00 GHz CPU, RAM

16 GB and Intel® UHD Graphics 630 GPU. A USB cable connects the

centralized logical system with each wall-box. The wall-boxes are com-

mercially available models (NEMA® 14-50 - 42 A, OpenEvse, see Figure
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Figure 2.3: Structure of the hardware of the charging system.

2.4). Each wall-box can supply from a minimum of 1.32 kW (6 A - 220 V)

to a maximum of 9.24 kW (42 A - 220 V) to a single vehicle. Each wall-box

is equipped with an interactive LCD display and a SAE J1772 cable that

guarantees the compatibility with all the modern vehicles. The display

provides live power usage, state information (current to supply, current

absorbed by the vehicle, energy to supply), and quick access to settings.

The centralized logical system regulates the power by controlling the cur-

rent according to the users’ requirement. The system as a whole meets

the prescriptions of the IEC Standard.

2.2.1.2 Software

Forecast charge Once an electric vehicle is connected, the CS estimates

the charging dynamics following the logic shown in Figure 2.5 and consid-

ering the presence of other EVs already in charge. To this aim, the CS

uses forecast energy loads of the building, and the PV production profiles

on a 15-minutes base.

The user inputs several data of the EV: (i) the model (i.e the battery

capacity), (ii) the initial and required final SoC, and (iii) the time by which

the charging process has to finish. Based on these data, the CS informs the
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Figure 2.4: Wall-box: NEMA® 14-50 - 42 A, OpenEvse.

user whether it is possible or not to complete the required charging pro-

cedure. In case of feasible charging schedule, the CS eventually provides

the possibility to choose an alternative process that minimizes the cost by

extending the charging time. For both the alternatives the CS forecasts

the charging cost. On the other hand, if the required charging schedule

is not feasible, the user can choose whether to cancel the operation or to:

(i) finish the charging process at the established time without reaching the

required SoC, (ii) meet the required SoC in the minimum possible time,

or (iii) meet the required SoC with the minimum possible cost.

To administrate the energy demand responsibly, and to discourage

the CDEL use, the system forecasts the charging cost as a function of the

power required and of the energy source. In particular, we assume that the

cost of the electric energy withdrawn from the residential building scRB is

equal to 0.18 e/kWh being such value the average calculated in the period

2010-2020 for the Italian market [249]. Such market is representative of

the overall European (EU28) context [250]. Following the pricing logic

previously explained, we also assume that the electricity withdrawn from

the CDEL is 40% more expensive of the energy from the apartment. Table



50
Chapter 2: Assessment of residential energy communities

integrating an electric vehicles charging system

Data entry

Start

Forecast data

Vehicle arrival

Is the charge feasible?

Yes No

Type of charge

1) Requested case
2) Minimum cost case

Do you want to
cancel the charge?

Alternative charge type
1) Requested case

3) Minimum cost case
2) Minimum time case

Starting the

Yes

No

For each Vehicle

Vehicle data

charging process

Figure 2.5: Logical structure of the charging system for the forecast part.

2.1 summarizes the specific energy costs assumed.

Source e/kWh

scPV Photovoltaic System 0.06 e/kWh

scRB Residential Building 0.18 e/kWh

scCDEL Charge-Dedicated Electric Line 0.25 e/kWh

Table 2.1: Specific energy costs based on the source.

Specifically, the forecast cost of the vehicle charging process for a quar-
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ter of an hour CQ is defined as follows

CQ = X

3∑
j=1

(scjEj) = X(CPV + CRB + CCDEL), (2.1)

where X is a multiplication factor that ranges between 1 and 2, scj is the

specific energy cost of the jth source, Ej is the energy withdrawn from the

jth source, CPV is the cost of energy taken from PV, CRB is the cost of

energy taken from RB, and CCDEL is the cost of energy taken from the

CDEL. Considering Ew as the total energy that can be withdrawn from

the charging system, Ed as the energy drawn

Ed =
3∑
j=1

Ej , (2.2)

and α the number of EVs, the definition of X is
X = 1 if Ed ≤ Ew

α

1 < X < 2 if Ed >
Ew
α

X = 2 if Ed = Ew

. (2.3)

X is directly proportional to the energy drawn and aims at discouraging

excessively fast charges for which it is necessary to use a a big amount of

the available energy. In fact, if all the energy available in a given period of

time is used to charge a single EV then it will not be possible, in the same

period of time, to charge other EVs. Such a behavior is inappropriate

for peer-to-peer energy sharing system. Finally, the expected total cost

associated with the charge of a vehicle Ctot can be defined as the sum of

the forecast costs CQi relating to all the N quarters of an hour composing

the charging process

Ctot =

N∑
i=1

CQi. (2.4)

Actual charge Once the user chooses the charging schedule for the

EV, the CS starts the charging procedure and monitors the energy and

data flows from the various elements of the system (see Figure 2.6). In

this phase, the user can control the charging progress through the SoC

and the effective cost of charge. At the same time, the owner of each

apartment can limit the energy flow that goes from his home to the CS in
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Figure 2.6: Logical structure of the charging system for the part of actual

charge.

real-time. In this case, the energy required for the process is taken from

another source, if possible. In the same way, if for any reason the energy

supply of one of the sources changes instantaneously, the system takes the

energy required, according to the logic already specified, from the other

sources. At the end of every quarter of hour, the CS verifies if the charge

proceeds as expected. If not, the missing energy is equally distributed and

added to the energy required in the remaining quarters of hours. At the

end of the procedure, the system outputs the energy stored in the battery,
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the SoC, and the charging cost.

2.3 Case studies

In this section we define the features of the realistic case studies used to

evaluate the impact of the previously described condominium system for

shared charge of EVs. In particular, we retrieve from a measured data-

set the energy loads of the condominium, we determine the size of the

components of the system (Figure 2.2), and we characterize the electric

vehicles and their usage.

In the past few years, several residential consumption data-sets have

been introduced such as ECO [245], BLUED [251], GREEND [252], REDD

[253], AMPds [254], and iAWE [255]. Each of these one shows different

characteristics with respect to the number of households, data granular-

ity, analysis time, side information (e.g. coverage of appliances with smart

plugs), and level of detail of the measured data. Among the aforemen-

tioned, we select the ECO data-set as it is European (as the analyzed

energy context), complete, detailed, and has a long period of observation.

In fact, it has high-resolution measured electricity consumption data (1 Hz

frequency) from 6 different households in Switzerland over a period of 8

months (from June 2012 to January 2013). From such data-set we se-

lect three households. The consumption of the following appliances are

measured for each household: (i) Apartment 1: fridge, dryer, coffee ma-

chine, kettle, washing machine, PC, freezer, (ii) Apartment 2: tablet,

dishwasher, stove, fridge, TV, Hi-Fi, freezer, kettle, lamp, laptops, and

(iii) Apartment 3: fridge, kitchen appliances lamp, Hi-Fi, laptop, freezer,

tablet, entertainment, microwave.

For each analyzed apartment, and for each season, we select from the

data-set a typical weekday and a typical weekend day. To choose such

typical days we first characterize the energy load distribution within the

data-set by calculating the average electric power and representing it in

a frequency histogram with a bin width of 100 W (Figures 2.7, 2.8, and

2.9 for apartments 1, 2, and 3 respectively). Then, in each histogram we

select the typical days from the most populated intervals. Such selected

days represent the actual charging loads of the apartments. For the fore-

cast charge we assume to use the load of the previous day, differentiating

between weekday and weekend. Following the procedure previously high-

lighted we obtain the electric energy loads of the apartment 1 represented
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Figure 2.7: (a) Weekdays electric load frequency histogram for apartment

1, (b) Weekend days electric load frequency histogram for apartment 1.

in Figures 2.10 and 2.11. Similar detailed loads for apartments 2 and 3

are reported in Figures 2.12, 2.13, 2.14 and 2.15.

In the case studies, the components of the analyzed system have the

following characteristics: (i) the RB is composed of the previously charac-

terized 3 apartments and 1 elevator, (ii) the CS is composed of the central-

ized logical system and three wall-boxes (see Section 2.2.1), (iii) the EVs

can be up to 3, (iv) the CDEL has 10 kW nominal power, and (v) the PV

has a size of 10 kWp. We select such photovoltaic size because we consider

3 kWp for each apartment (equal to its maximum load), and 1 kWp for the

elevator. We generate the PV production from the PVGIS tool [247], con-

sidering the city of Viterbo. We consider three EVs setting the parameter

α = 3 in Equation (2.3). Each vehicle represent a different commercial

model covering all the price ranges in the current market. Their relevant

properties are represented in Table 2.2. Users 1, 2 and 3 are the inhabi-

tants of the apartments 1, 2, and 3 respectively. User 1 is the owner of the
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Figure 2.8: (a) Weekdays electric load frequency histogram for apartment

2, (b) Weekend days electric load frequency histogram for apartment 2.

Type of car Battery Capacity Consumption ck
Smart fortwo electric drive 16.7 kWh 0.167 kWh/km

Nissan Leaf 62 kWh 0.185 kWh/km

Tesla Model 3 57.5 kWh 0.151 kWh/km

Table 2.2: Relevant properties of the selected electric vehicles [240, 256,

257].

Nissan Leaf, user 2 is the owner of the Smart fortwo electric drive, and

user 3 is the owner of the Tesla Model 3. Being a residential context each

user has his own vehicle and there is no sharing.

We evaluate the charging system operation in different utilization sce-

narios considering several Origin Times (OTs) and Destination Times

(DTs), and several user charging behavioral patterns (selected type of

charge). The OTs and DTs for the proposed scenarios are extrapolated
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Figure 2.9: (a) Weekdays electric load frequency histogram for apartment

3, (b) Weekend days electric load frequency histogram for apartment 3.

by a passenger car travel survey [246]. Figure 2.16 summarizes the re-

sults of such survey showing percentage distribution curves of OT and DT

on weekdays and weekends. In particular, we note that the distribution

is around 0% from 12 AM to 6 AM for all the surveyed cases. Then, on

weekends the percentage increases to stabilize around 8% from 8 AM to

9 PM, and finally decrease in the evening. On weekdays, the trends show

peaks up to 15% from 7 AM to 10 AM and from 5 PM to 8 PM, while in

the central hours of the day the probability is around 4%. From such

distribution curves, we distinguish a scheduling of arrivals and departures

for the weekdays (Table 2.3) and one for the weekend days (Table 2.4). In

both tables, for each user are shown the origin and departure times of two

routes. OT1 is the time when the user leaves home, while DT2 is the time

when he returns home. Therefore, a vehicle can be charged over a period
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Figure 2.10: Electric energy loads of the apartment 1 on weekday. Actual

and forecast consumption in: (a) summer season, (b) transitional season,

and (c) winter season.
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Figure 2.11: Electric energy loads of the apartment 1 on weekend day.

Actual and forecast consumption in: (a) summer season, (b) transitional

season, and (c) winter season.
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Figure 2.12: Electric energy loads of the apartment 2 on weekday. Actual

and forecast consumption in: (a) summer season, (b) transitional season,

and (c) winter season.
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Figure 2.13: Electric energy loads of the apartment 2 on weekend day.

Actual and forecast consumption in: (a) summer season, (b) transitional

season, and (c) winter season.
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Figure 2.14: Electric energy loads of the apartment 3 on weekday. Actual

and forecast consumption in: (a) summer season, (b) transitional season,

and (c) winter season.
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Figure 2.15: Electric energy loads of the apartment 3 on weekend day.

Actual and forecast consumption in: (a) summer season, (b) transitional

season, and (c) winter season.
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of time from DT2 to OT1. The consumption in kWh per each route ce is

ce = Tr · va · ck, (2.5)

being Tr = DTi−OTi the route time of the ith route, ck the consumption

per kilometre of the EV analyzed, and va the average trip speed that in

Europe is va = 47.5 km/h [258]. Equation (2.5) allows to calculate the

daily energy demands for each EV on weekdays and weekends. In par-

ticular, on weekdays user 1 requires 8.78 kWh, user 2 requires 3.97 kWh,

and user 3 requires 14.34 kWh. Similarly, on weekend days user 1 requires

8.78 kWh, user 2 requires 15.86 kWh, and user 3 requires 28.69 kWh. Such

daily energy requirements can be matched with two distinct user charg-

ing behavioral patterns. In one case, the user accepts a flexible process

that minimizes the charging cost by extending charging time if necessary

(Figure 2.5), we refer to this pattern as Cmin. In the other case, the user

demands that the charging process is completed in the minimum possible

time, we refer to this pattern as Tmin.
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Figure 2.16: Percentage distribution curves of origin time and destina-

tion time on weekdays and weekend days [246].
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User OT1 DT1 OT2 DT2

User 1 6.30 AM 7 AM 4.30 PM 5 PM

User 2 11.30 AM 11.45 AM 12.45 PM 1 PM

User 3 7.30 AM 8.30 AM 5.30 PM 6.30 PM

Table 2.3: Selected origin and departure times on weekdays.

User OT1 DT1 OT2 DT2

User 1 12 AM 12.30 AM 2.30 PM 3 PM

User 2 11.30 AM 12.30 PM 5.30 PM 6.30 PM

User 3 7.30 AM 9.30 AM 6 PM 8 PM

Table 2.4: Selected origin and departure times on weekend days.

2.4 Results and Discussion

Figures 2.17, 2.18, and 2.19 report the costs and the specific costs

(e/kWh) of charge for the case studies defined in Section 2.3 for summer,

transitional, and winter seasons respectively.

In the summer weekday the charging costs are 1.56e, 0.49e, and

2.43e for users 1, 2, and 3 respectively, considering the Cmin behavioral

pattern (Figure 2.17(a)). Taking into account also the required energy, the

specific charging costs for users 1, 2, and 3 are 0.18e/kWh, 0.12e/kWh,

and 0.17e/kWh (Figure 2.17(b)). User 2 pays the lowest specific cost

because it starts the charging process at 1 PM and withdraws almost 60 %

of the charging energy from PV (2.3 kWh over a total of 3.97 kWh). Users

1 and 3 arrive at 5 PM and 6.30 PM respectively, when the sun radiation

is lower. In fact, user 1 withdraws from PV only 16 % of the charging

energy, while user 3 only 9.2 %. In the same typical day, considering

the Tmin behavioral pattern, the specific charging costs are 0.21e/kWh,

0.07e/kWh, and 0.2e/kWh. As expected, the cost increases for users 1

and 3 of 17 % and of 18 % respectively. In fact, minimizing the charging

time the user 1 withdraws 1.25 kWh from PV, 4.7 kWh from the apart-

ments, and 2.83 kWh from the CDEL while with Cmin behavioral pattern

the user withdraws 1.42 kWh from PV, 7.22 kWh from the apartments, and

only 0.14 kWh from CDEL. Similar figures can be observed also for user

3. Counter-intuitively, the user 2 following the Tmin behavioral pattern
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Figure 2.17: Economic results of the charging system serving a smart

energy community of 3 users considering both the minimum cost (Cmin)

and the minimum time (Tmin) behavioral patterns in summer season: (a)

Charging costs, (b) Specific charging costs.

achieves 42% lower charging cost than Cmin strategy. In fact, pursuing

Tmin the user withdraws 76% of energy from PV, while pursuing Cmin
only 58%, as a results of a short-term greedy behavior. We also note that

with Cmin the CDEL does not provide energy, while with Tmin it pro-

vides 0.23 kWh showing that the user saturates the PV and apartments

capacity. However, the total charging cost for the three users is 4.48e

following Cmin behavioral pattern and 5e following Tmin behavioral pat-

tern. Such result proves that a greedy strategy can be partially beneficial

for a user but not for the whole smart energy community. Finally, we ob-

serve that the charging processes with Tmin do not overlap given that the

arrival times of the cars are temporally spaced. Otherwise, if the charging

processes are simultaneous we expect that the Tmin behavioral pattern is

even less convenient given the sources saturation and the factor X impact

(Figure 2.20).

In the summer weekend day the charging costs are 1.41e, 2.39e, and
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Figure 2.18: Economic results of the charging system serving a smart

energy community of 3 users considering both the minimum cost (Cmin)

and the minimum time (Tmin) behavioral patterns in transitional season:

(a) Charging costs, (b) Specific charging costs.

5.04e (Figure 2.17 (a)), while the specific charging costs are 0.16e/kWh,

0.15e/kWh, and 0.18e/kWh (Figure 2.17(b)) for users 1, 2, and 3 respec-

tively, with the Cmin behavioral pattern. Such results can be explained

considering that users 1 and 2 achieve almost 30% of the required en-

ergy from PV, while user 3 only 3%. In particular, user 1 arrives at 3

PM and immediately exploits the sun radiation. User 2 arrives at 6.30

PM but manages to utilize the sunlight of the following morning given

that the OT1 is 11.30 AM. On the contrary, user 3 cannot store the en-

ergy production from sunlight because arrives at 8 PM and leaves the

following day at 7.30 AM. The total charging cost in the summer weekend

day for the smart energy community is 8.84epursuing Cmin, while it is

10.56e (0.99e, 3.56e, and 6.01e for users 1, 2, and 3) pursuing Tmin.

Such results confirm the analysis outlined commenting summer weekday.

In more detail, users 2 and 3 specific charging costs increase respectively

up to 0.22e/kWh and 0.21e/kWh. These increments dominate over the
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Figure 2.19: Economic results of the charging system serving a smart

energy community of 3 users considering both the minimum cost (Cmin)

and the minimum time (Tmin) behavioral patterns in winter season: (a)

Charging costs, (b) Specific charging costs.

decrease of user 1 that pays 0.11e/kWh. Such phenomenon results from

the greedy exploitation of the PV as already observed for user 2 in the

summer weekday.

Comparing Figures 2.18 and 2.19 with Figure 2.17, we note that in

the analyzed reference seasons, the charging costs for each user scale in

the same way varying the reference day (weekend or week) and the be-

havioral pattern. Therefore, we conclude that in the reference seasons

the charging costs for each user maintain the same proportions. For ex-

ample, user 1 pays for every season the highest charging cost for Tmin
weekday, followed by Cmin weekday, Cmin weekend day, and Tmin week-

end day. The charging costs for the energy community monotonically

increase going from summer, through transitional, to winter. Considering

the Cmin behavioral pattern the costs are 4.48e, 4.92e, and 4.96e in

the weekday, whereas the costs are 8.84e, 9.39e, and 9.47e in the week-

end day for summer, transitional, and winter respectively. Similarly, for
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the Tmin behavioral pattern such costs are 5e, 5.82e, and 5.98e in the

weekday, whereas the costs are 10.56e, 11.05e, and 11.68e in the week-

end day. In this regard, the charging costs increase going from summer,

through transitional, to winter because the available PV power decreases

resulting in higher electricity withdrawn from the apartments and from

the CDEL. For instance, for the Cmin weekday the energy community

withdraws 5.04 kWh, 2.12 kWh, and 1.77 kWh from PV for summer, tran-

sitional, and winter respectively. At the same time, the withdrawals from

the apartments are 20.89 kWh, 23.74 kWh, and 24.2 kWh. In this context,

the CDEL works as a buffer providing on average 1.17 kWh. Similar re-

sults can be observed also for Cmin weekend day, and for Tmin week and

week end days.
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Figure 2.20: Economic results of the charging system serving a smart

energy community of 3 users that arrive at 1 PM considering both the

(Cmin) and the minimum time (Tmin) behavioral patterns in summer sea-

son: (a) Charging costs, (b) Specific charging costs.

The counter-intuitively economic saving passing from Cmin to Tmin
behavioral pattern observed for user 1 in weekend day and for user 2 in

weekday during summer, is less pronounced during transitional season and
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is not noted during winter, as a result of the lower available PV power.

However, we expect that also in summer the Tmin behavioral pattern re-

sults in higher cost for the single user if several EVs arrive at the same

time. To prove this, we analyze an additional case where all the users

arrive at 1 PM maintaining the energy requirements previously reported.

In particular, the EVs arrive with the following orders: (i) user 2, 1, 3 for

weekday, and (ii) user 1, 2, 3 for weekend day. Figure 2.20 reports the costs

and specific costs of charge for the corner case just described. In such fig-

ure, we note that for all the users passing from Cmin to Tmin the charging

costs increase. The cost increment is less pronounced for the user arriving

first that finds the highest available energy. With the Tmin behavioral

pattern, we observe that the PV and apartments power availability sat-

urates and consequently the withdrawal from CDEL increments. In fact,

considering Cmin the energy community during weekday takes 10.23 kWh,

16.31 kWh, and 0.92 kWh from PV, apartments, and CDEL respectively.

While with Tmin such figures are 9.32 kWh, 7.72 kWh, and 9.96 kWh. The

energy from PV and apartments decreases with Tmin because the charg-

ing time is shorter and such sources have limited available power. Similar

results can be observed also for weekend day, where the CDEL energy

increases 11 times for Tmin with respect to Cmin. Finally, we also note

that the factor X contributes to raise the costs.

2.4.1 Discussion

Summarizing, the charging costs for the energy community in weekday

are 4.48e, 4.92e, and 4.96e following Cmin behavioral pattern for sum-

mer, transitional and winter respectively. Alternatively, following Tmin
behavioral pattern the costs are 5e, 5.82e , and 5.98e . In the week-

end day the energy community pays for the charging processes 8.84e,

9.39e, and 9.47e following Cmin behavioral pattern for summer, transi-

tional and winter respectively. Instead, considering the Tmin behavioral

pattern such charging costs are 10.56e, 11.05e, and 11.68e . The alter-

native to the proposed condominium charging system is publicly available

slow charging station (i.e. Enel X®), where the specific charging price

is equal to 0.45e/kWh [259]. Recalling that the users require 27.09 kWh

and 53.33 kWh to charge the EVs in the weekdays and weekend days re-

spectively, the aggregate charging costs in public charging stations are

12.19e and 24e . Therefore, both in the weekdays and in the weekend
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days it is possible to save between 51% and 63% depending on the season

and on the behavioral pattern.

Besides minimizing the charging costs, the aim of the proposed system

is to decrease the load on the grid to subsequently reduce the required

investments for electric mobility diffusion. To effectively lower the grid

requirements, the system should reduce: (i) the amount of electricity re-

quired from charge-dedicated electric line, and (ii) the amount of renew-

able electricity sent to the grid being not self-consumed. To assess the

first point we report in Table 2.5 the energy withdrawn from the charge-

dedicated electric line ECDEL, comparing the baseline scenario where ex-

ternal charging stations are used and the scenarios where the proposed

system is used with both Cmin and Tmin strategies. The data in such

table are aggregated for the three users.

Baseline Cmin Tmin

Summer weekday ECDEL [kWh] 27.09 1.16 8.87

Summer weekend day ECDEL [kWh] 53.33 2.04 23.68

Transitional weekday ECDEL [kWh] 27.09 1.23 9.82

Transitional weekend day ECDEL [kWh] 53.33 2.83 21.07

Winter weekday ECDEL [kWh] 27.09 1.12 9.47

Winter weekend day ECDEL [kWh] 53.33 2.54 23.33

Table 2.5: Charge-dedicated electric line energy requirements aggregated

for the three users.

The values reported in Table 2.5 confirm the high potential of the de-

veloped system in reducing the amount of electricity required from charge-

dedicated electric line. In particular, we observe that the ECDEL percent-

age reduction varies between 95% and 96% considering the Cmin strategy,

while it varies between 56% and 67% considering the Tmin strategy. We

also observe that following the Cmin strategy the seasonal variation and

the type of the day only marginally affect (i.e. 1% differential) the effec-

tiveness of the charging system. The opposite is true following the Tmin
strategy.

To assess the interaction between the grid and the photovoltaic sys-

tem we report in Table 2.6 the aggregated photovoltaic self-consumption

percentage EPV,SC comparing the baseline, Cmin, and Tmin scenarios.
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Baseline Cmin Tmin

Summer weekday EPV,SC [%] 16.52 23.86 22.94

Summer weekend day EPV,SC [%] 20.23 32.25 24.87

Transitional weekday EPV,SC [%] 16.58 20.08 20.15

Transitional weekend day EPV,SC [%] 18.64 26.35 23.08

Winter weekday EPV,SC [%] 28.66 34.28 34.16

Winter weekend day EPV,SC [%] 24.93 38.63 29.82

Table 2.6: Photovoltaic self-consumption percentage aggregated for the

three users.

In Table 2.6 we note that the photovoltaic energy self-consumption

increases following both Cmin and Tmin strategies with respect to the

baseline, where the PV energy is used only by the apartments. We note

that an higher EPV,SC also entails lower greenhouse-gases emissions at-

tributable to electric mobility, considering the actual grid emission factor

of 275 g CO2eq/kWh for Europe [260]. The EPV,SC increment is generally

more pronounced seeking for the minimum cost: it varies between 4% and

14% considering the Cmin strategy, while it varies between 4% and 7%

considering the Tmin strategy. Therefore, we state that despite the results

of the Cmin strategy are more variable with seasons and day type, they

are better in terms of self-consumption increase. Such positive outcomes,

sum up to the lower charging prices, lower electricity required from CDEL,

and higher power left available to the other users of the energy community.

Finally, we note that despite the advantages in terms of self-consumption

could be higher with a properly designed stationary battery energy storage

system (≥ 60%) [87], the EPV,SC increment attainable with the proposed

charging policy is still relevant, especially considering that the batteries

of the cars are only partially available in time and in capacity.

In conclusion, we underline that the system and the logic discussed

in this chapter yield economic, environmental, and grid impact advan-

tages similar to those obtained in literature with coordinated EVs charging

methods. For example, Ayyadi et al. [102] demonstrated that a system

implementing an optimized charging method through linear programming

could reduce EVs charging cost by 38% and 50% for 50% and 100% of the

EVs penetration rate respectively, compared to an uncoordinated charge.

Such results are comparable to the attainable cost reduction demonstrated

in this chapter between 51% and 63%. Also other studies implementing
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mixed-integer second-order cone programming model [261], and other op-

timized smart energy control strategies [110, 120] obtain similar results.

Therefore, we underline that the performance of the simple system here

presented are comparable to those of more complicated charging manage-

ment methods. The simplicity of our system is crucial to make it applicable

as a robust real-time controller. Moreover, it could be possible integrate

our EVs charging system and logic with a coordinated method to further

optimize its operation.

2.5 Summary

The exploitation of unused electric energy in existing buildings can

help to mitigate one of the greatest obstacles to electric mobility diffu-

sion, that is the lack of charging infrastructure. The rationale is that in

most buildings the instantaneous required power is often lower than the

installed power. More available energy can also come from on-site photo-

voltaic system. By exploiting such energy sources in an energy community

context, it is possible to reduce the impact of electric mobility on the grid,

avoiding problems of overload and network malfunction.

In this chapter, we develop and prototype a condominium system for

shared charge of electric vehicles implementing a logic and a pricing pol-

icy to foster the intelligent use of the available energy and existing build-

ings. Such peer-to-peer system promotes an energy-responsible and cost-

effective charge that discourages the use of electric energy not already

available in the building. The main components of the system are: (i) the

photovoltaic plant, (ii) the residential building, (iii) the charge-dedicated

electric line, (iv) the charging system, and (v) the electric vehicles. The

charging system consists of a centralized logical system and wall-boxes.

The centralized logical system manages the continuous exchange of data

and energy between the plant components. The logic of such an element

is based on a forecast part that allows the determination of realistic charg-

ing profiles and an actual charging part, in which energy is supplied to

the vehicles. These two parts interact with each other to ensure rational

system operation.

To evaluate the potential of the developed condominium system for

shared charge of electric vehicles, we define realistic case studies leverag-

ing on the prototype characteristics. In particular, the structure of the

plant consists of: (i) a residential building composed of 3 apartments and
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1 elevator, (ii) the charging system, (iii) 3 electric vehicles (Nissan Leaf,

Smart fortwo electric drive, and Tesla Model 3), (iv) a 10 kW charge-dedi-

cated electric line, and (v) a 10 kWp photovoltaic system. We extrapolate

the measured energy loads of the apartments for a weekday and a weekend

day in every season (summer, transitional, and winter), from the ECO res-

idential consumption data-set [245]. Our study is one of the few [120] using

such data-set for mobility applications. We generate the PV production

from the PVGIS tool [247], considering a city in central Italy (Viterbo).

We use a passenger car travel survey [246] to determine the daily energy

demand of electric vehicles and the period in which they can be charged.

According to the centralized logical system, the electric vehicles energy

demand can be satisfied following two behavioral patterns: one that mini-

mizes the charging cost by extending charging time (called Cmin), and the

other one that minimizes the charging time (called Tmin). Results show

that the charging costs for the energy community in weekday are 4.48e,

4.92e, and 4.96e following Cmin behavioral pattern for summer, transi-

tional and winter respectively. In such cases the average electric energy

withdrawn from the charge-dedicated electric line is 1.17 kWh. The same

results for Tmin behavioral pattern are 5e, 5.82e , and 5.98e with an

average value of 9.38 kWh from the dedicated line. The same charging ser-

vice consisting of 27.09 kWh can be obtained in a publicly available slow

charging station (i.e. Enel X®) paying 12.19e , being the charging price

equal to 0.45e/kWh [259]. In the weekend day the energy community

pays for the charging processes 8.84e, 9.39e, and 9.47e following Cmin
behavioral pattern for summer, transitional and winter respectively, with-

drawing on average 2.47 kWh from the dedicated line. Instead, considering

the Tmin behavioral pattern such charging costs are 10.56e, 11.05e, and

11.68e with 22.69 kWh from the dedicated line. In the weekend day the

cars charge of the energy community requires 53.33 kWh, that in an exter-

nal charging station costs 24e . Therefore, the charging system is more

convenient than publicly available slow charging stations even consider-

ing the behavioral pattern that minimizes the charging time. However,

the greatest advantages can be obtained choosing the minimum cost pro-

cess. From these results, we conclude that the proposed system effectively

minimizes the economic expenditure for the electric vehicles charge and

the grid usage. We also note that the system increases photovoltaic self-

consumption from 4% up to 14%.

Further developments of the study regard the extension to other re-
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newable sources (i.e. wind turbine) and to storage solutions (i.e. lithium

ion batteries) as well as the integration with a coordinated electric vehi-

cles charging method. Moreover, to further validate the methodology we

could evaluate the performance of the proposed system in different energy

contexts, climate conditions, and within extensive time periods.





Chapter 3

Optimized design of a H2

powered moped

Micro-mobility is an increasingly important part of the current energy

transition, given the lower energy consumption and reduced tendence to

form urban congestion. In this scenario, Fuel Cell Hybrid Electric Vehicles

(FCHEVs) present several advantages over state-of-the-art battery elec-

tric vehicles, such as increased driving-range and reduced recharge time.

In this chapter, we study the conversion of a commercial electric moped

(Askoll eS3
®) in a Fuel Cell Hybrid-Light Electric Vehicles (FCH-LEVs)

by finding the optimal design of the components through an optimization

methodology based on backward dynamic programming. Such optimal

design and operation strategy can be also implemented with a rule-based

approach.

Section 3.1 states the aim of the chapter by describing in detail the

conversion of the power-train of the vehicle. Section 3.2 dissects the de-

veloped methodology, while Section 3.3 presents the obtained results and

the potential impact of the FC electric moped in several total green en-

ergy systems. Finally, Section 3.4 summarizes the methodology and the

findings of the chapter.

3.1 Problem Statement

In this chapter we assess the techno-economic feasibility of the con-

version of a battery electric moped in a Fuel Cell (FC) electric moped.

We develop an optimized sizing methodology for such conversion, which
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involves the replacement of the Li-ion battery with a FC, one or more

Metal Hydride (MH) tanks and a Li-ion Buffer Battery (BB).We seek the

optimal control and design strategy for the moped through a methodol-

ogy based on backward dynamic programming, introduced in [33], and

further developed in [12, 34, 132, 168]. We also demonstrate that such

methodology can be implemented through a rule-based approach.

Figure 3.1 represents the main elements of the two vehicles config-

urations analyzed. In the battery electric moped the electric energy is

withdrawn from the Li-ion battery and then used by the electric motor

for the drive. On the other hand, in the FC electric moped the hydro-

gen is withdrawn from the MH tank and oxidized to produce the energy

utilized by the electric motor for the traction. For this application we

consider Proton Exchange Membrane Fuel Cells (PEMFCs) that are the

standard for mobility applications given the high power density, the fast

dynamic resulting from the low operating temperature (60-80 ◦C), and the

high durability [262, 263]. Moreover, we select metal hydrides to store hy-

drogen because such technology has a higher volumetric energy density at

relatively low pressure (i.e. ≤ 15 bar) when compared to pressurized tank

hydrogen storage. In both configurations, the motor works as an electric

generator during deceleration by supplying energy to the batteries.
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Figure 3.1: Schematic representation of the moped configurations: a)

main elements of the e-moped, b) main elements of the FCH-LEV.
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3.1.1 Vehicles selection and description

We select the Askoll eS3
® [264] as the reference e-moped for our case

studies because it is the most sold in Italy in the period January-November

2019 [265]. Moreover, in terms of cost, power, and battery capacity it

constitutes a representative solution of the best-selling electric mopeds in

Europe [266]. The main characteristics of the Askoll eS3
® are shown in

Tables 3.1 and 3.2.

Feature Value Unit of Measure

Power of electric Motor 2700 W

Maximum speed 66 km/h

Maximum torque (to the wheel) 130 Nm

Range 96 km

Width 1830 mm

Seat height 760 mm

Maximum height 1036 mm

Weight (without battery) 70 kg

Permissible maximum weight 245 kg

Cost 3790 e

Table 3.1: Relevant properties of the Askoll eS3
® [267].

Battery Li-ion

Number of Batteries 2

Battery capacity (for a battery) 1410 Wh

Battery Weight (for a battery) 8.1 kg

Cost 900 e

Table 3.2: Relevant properties of the Askoll eS3
® batteries [268].
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3.2 Methododology

3.2.1 Driving cycle

We use the World harmonised Light-duty vehicles Test Procedure

(WLTP) to analyze the consumption and the performance of the moped.

Such procedure consists of several cycles [269] that are applicable to differ-

ent categories of vehicles on the basis of the weight-power ratio (PMR),

defined as

PMR =
PM,max

mtot
, (3.1)

in which PM,max is the nominal motor power, and mtot is the total mass.

For the Askoll eS3
® PM,max = 2700 W, and

mtot = me +mb +mp = 157 kg, (3.2)

where me = 70 kg is the empty mass of the e-moped (Table 3.1), mb =

16.2 kg is the mass of the batteries (Table 3.2), and mp = 70.8 kg is the

mass that we assume for an European average passenger [270]. PMR =

17.2 W/kg < 22 W/kg, therefore the Askoll eS3
® belongs to the class

1 Worldwide harmonized Light vehicles Test Cycles (WLTC). Such cycle

has a maximum speed of 64.4 km/h, and consists of three subcycles: the

first one at low speed, the second one at medium speed, and the third at

low speed for a total duration of 1613 s. The integration over time of the

speed profile in Figure 3.2 a) gives a distance of dWLTC,1 = 11.4 km.

3.2.2 Vehicle modeling

The total tractive effort of the moped in the direction of motion com-

pensates the aerodynamic drag and the inertia

FW(t) =
1

2
ACSCDρv(t)2 +mtota(t), (3.3)

where v(t) and a(t) are respectively the instantaneous speed and accel-

eration retrieved from the class 1 WLTC speed and acceleration profiles

(Figure 3.2), ACS is the cross section surface, CD is the drag coefficient,

ρ = 1.225 kg/m3 is the air density at 15 ◦C and atmospheric pressure, and

mtot is the total mass of the moped and of the passenger, see Equation

(3.2). In this equation, we consider negligible a mass factor accounting for

the equivalent mass increase due to the angular moments of the rotating

components of the moped, and the gravitational resistance over slopes.
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Figure 3.2: a) Class 1 WLTC speed profile; b) Class 1 WLTC accelera-

tion profile.

The cross section surface ACS = 0.5165 m2 is the sum of the front area of

the moped, of the torso, and of the neck of the passenger assuming aver-

age antropometric values [271], and of the helmet [272]. The instantaneous
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power to the wheel PW is then

PW(t) = FW(t)v(t). (3.4)

The power to the motor PM considers the power loss due to transmission{
PM(t) = PW(t)/ηT if PW(t) > 0

PM(t) = PW(t)ηT if PW(t) ≤ 0
, (3.5)

where ηT = 0.912 is the transmission efficiency [273]. To quantify the

drag coefficient in Equation (3.3) we consider that at the maximum speed

vmax = 18.3 m/s, (see Table 3.1) the motor produces the maximum power

PM,max = 2.7 kW only to compensate the aerodynamic drag, that means

CD = 1.26. With this approach we also embed the effect of the rolling

resistance in CD.

The motor also works as a generator when PM(t) < 0, besides produc-

ing power when PM(t) > 0. The primary power PP in input and in output

to the motor/generator has to consider the conversion efficiency{
PP(t) = PM(t)/ηM if PM(t) > 0

PP(t) = PM(t)ηG if PM(t) ≤ 0
, (3.6)

where ηM = 0.8 [274] is the motor efficiency and ηG = 0.4 is the generator

efficiency [273].
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Figure 3.3: Power to the wheel PW (blue curve), power to the motor PM

(cyan curve), and primary power PP (red curve) as a function of time for

the driving cycle class 1 WLTC in Figure 3.2.

Figure 3.3 shows PW, PM, and PP as a function of time for the class

1 WLTC. Such figure shows the direct correlation of the vehicle power to
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the driving cycle. We note that the recovered power during deceleration

is limited due to the low generator efficiency ηG = 0.4.

3.2.3 Optimized control and design

As demonstrated in several studies [132, 169, 170] the operating ef-

ficiency of any energy system is largely determined by its control strat-

egy [33, 168]. Therefore, we optimally design the FCH-LEV components

leveraging on an optimization methodology based on backward dynamic

programming. Such methodology has been introduced in [33], and fur-

ther developed in [12, 34, 132, 168]. It determines the set-points of the

active components of the energy system minimizing a prescribed objective

function over a determined time-span. In general, it can account for: i)

thermal, cooling, and electrical loads, ii) constraints related to the energy

flows and to the dynamic behaviour of the plant subsystems, iii) power and

efficiency derating with environmental conditions, iv) fuel, maintenance,

and cold start costs, and v) the connection to a distribution/immission

grid.

In this study, we select the operating cost (i.e. fuel consumption) as

the objective function to be minimized, and the BB and the FC as active

components of the power-train (see Figure 3.1). We consider the buffer

battery and the fuel cell because their operation impacts the efficiency of

the whole process and the consequent use of hydrogen. The optimization

takes as input the design performance of the active components, and the

variation of such performance at part load, together with the required

primary power demand PP, see Equation (3.6). We realistically assume

that the buffer battery charge and discharge efficiencies do not vary as a

function of the set-point. Whereas, the fuel cell is modeled with a black-

box approach, through its efficiency curves as functions of the set-point,

to obtain the part load performance, see Section 3.2.4. Specifically, the

electric power output of the FC at time t is calculated as

PFC(t) = ΦFC(t)PFC,nom , (3.7)

where ΦFC(t) is the set-point and PFC,nom is the FC nominal power. The

corresponding required input power is

UFC(t) =
PFC(t)

ηFC(ΦFC(t))
, (3.8)
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where ηFC(ΦFC(t)) is the electrical efficiency. The problem is non-linear,

being the efficiency a function of ΦFC(t). The economic objective function

reads

GCost =
D∑
t=0

CF(t, s(t)), (3.9)

being t the time interval, D = 1613 s the total duration of the class 1

WLTC driving cycle, and CF the fuel cost. The cost is a function of the

time interval and the plant state s(t) (i.e. the cluster of set-points of the

active components). Equation (3.9) is subject to constraints related to the

energy flows. The moped can be considered an isolated electrical energy

system being not connected to the grid, therefore the power balance for

each time interval reads

PP(t)− PFC(t) + PBB(t) = 0 ∀t , (3.10)

where PBB(t) is the electrical power of the buffer battery. Note that PFC(t)

is positive, PP(t) can be positive or negative (regenerative braking), while

PBB(t) is positive when the battery stores energy and negative when it

releases energy.

Equation (3.9) is discretized with respect to time and to the plant state

to represent the problem as a weighted and oriented graph. The optimal

control strategy is determined by seeking for the shortest path across the

graph. The reader can consult [12, 33, 34, 168] for more details on the

optimization methodology.

3.2.4 Power-train components modeling and design

3.2.4.1 Fuel cell

The integral average primary power demand is PP = 580 W, and such

value is compared with the nominal power of commercially available air-

cooled PEMFC stacks. In particular, we consider stacks with PFC,nom

equal to 1 kW and 2 kW [275, 276] between those with PFC,nom ≥ PP. We

underline that an available power higher than the average required, gives

more degrees of freedom to find the optimized operation strategy, besides

covering the energy losses due to buffer battery efficiencies. Figure 3.4

represents the hydrogen consumption and the efficiency of such systems,

as a function of the produced power and of the set-point ΦFC. Other

characteristics of the stacks are reported in Table 3.3.
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Figure 3.4: Experimental data of commercially available 1 kW and 2 kW

air-cooled PEMFC stacks [275, 276]: a) consumed hydrogen mass flow rate

(ṁH2) versus electrical power (PFC), b) efficiency (ηFC) versus electrical

power (PFC), and c) efficiency (ηFC) versus set-point (ΦFC).

1 kW 2 kW

Utilization factor 0.83 0.8

Number of cells 48 48

Weight with auxiliaries [kg] 4.4 12.5

Length [m] 0.219 0.303

Width [m] 0.268 0.350

Height [m] 0.123 0.183

Estimated Cost [277, 278] [e] 5200 9500

Table 3.3: Characteristics of commercially available 1 kW and 2 kW

air-cooled PEMFC stacks [275, 276].

3.2.4.2 Metal hydrides

We determine the hydrogen consumption of the system leveraging

on the required input power UFC determined through the optimization

methodology, see Section 3.2.3. Specifically, the hydrogen mass required

over all the driving cycle reads

mH2 =

∫ D

t=0
ṁH2(t)dt, (3.11)
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where ṁH2 is the hydrogen flow rate required from the FC

ṁH2(t) =
UFC(t)

LHVH2

. (3.12)

LHVH2 = 120 MJ/kg is the hydrogen lower heating value.

To store the required hydrogen mass we consider commercially avail-

able MH tanks [279], whose characteristics are reported in Table 3.4. We

note that a detailed design of the system should also consider the thermal

management of the MH [144]. In this preliminary work, we assume that

the MH is always capable to supply the required hydrogen flow rate and

we only consider the space required for the thermal management system,

without undertaking an in depth design.

Feature Value Unit of Measure

Nominal capacity 2000 Sl

Weight 14 kg

Height 0.56 m

Diameter 0.11 m

Charge pressure 5-12 bar

Stored H2 mass 164 g

Estimated Cost 4000 e

Table 3.4: Characteristics of commercially available metal hydrides tanks

[279] filled with AB2 alloy.

3.2.4.3 Buffer battery

To determine the capacity of the buffer battery we iteratively evaluate

through the optimization methodology, see Section 3.2.3, the quantity of

stored energy as a function of time

cBB(t) = eFC(t)− ePB(t) =

∫ t

t=0
PFC(t)dt−

∫ t

t=0
PPB(t)dt, (3.13)

where PPB(t) is the primary power considering also the round-trip effi-

ciency of the buffer battery, assuming respectively the charge and dis-

charge efficiency equal to ηBC = 0.96 and ηBD = 0.96 [273]. Then, the

capacity of the battery is the difference between the maximum and the

minimum amounts of stored energy

CBB = max (cBB(t))−min (cBB(t)). (3.14)
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Through the optimization methodology we also evaluate the state-of-charge

as a function of time

SOC(t) = SOC(t− 1) +
PFC(t)− PPB(t)

CBB
. (3.15)

Finally, we note that small commercial Li-ion batteries for light mo-

bility applications have a specific cost of 1.5e/Wh [280].

3.3 Results and Discussion

In this section, we determine the characteristics of the components of

the FCH-LEV and then we propose its design. We start by quantifying

the physical size of the batteries that have to be replaced with the system

composed of the FC, the MH tank, and the BB. The batteries of the e-

moped have a mass mb = 16.2 kg and occupy all the compartment under

the saddle of the Askoll eS3
® [267]. From the technical sheet, such space is

estimated as Vb = 5.4× 10−2 m3 = 54 l. Considering the requested power

profile PP in Figure 3.3, and the charge and discharge efficiency of the

Li-ion batteries (both assumed 0.96 [273]), the nominal capacity of the e-

moped CEV = 2820 Wh is tantamount to a nominal range REV = 119 km,

that corresponds to nEV = 10.4 driving cycles.
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Figure 3.5: Optimized fuel cell power PFC (orange curve) and buffer

battery power PBB (purple curve) as a function of time for the driving

cycle class 1 WLTC in Figure 3.5.

Through the optimized methodology of Section 3.2.3 we obtain for the

FCH-LEV the power curves of the fuel cell and of the buffer battery re-

ported in Figure 3.5, considering PFC,nom both 1 kW and 2 kW. From such
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figure, we note that the optimal operating strategy consists of a constant

set-point for the FC and a load following approach for the BB. Specifically,

the BB operates at variable load because we realistically assume that the

charge and discharge efficiencies do not vary as a function of the set-point.

Vice versa, the constant FC set-point is such as to produce 605 W, neces-

sary to guarantee energy equilibrium over the driving cycles. This power

value depends solely on the required power curve and is independent on

the size of the FC. The FC constant power obtained with the optimiza-

tion process is greater than the integral average primary power demand

PP = 580 W from the PP curve in Figure 3.3, as a consequence of the

BB efficiencies. We note that the overall efficiency could be reduced if the

FC would operate at variable set-point. In fact, if the FC would be used

in a load following mode producing for several time-steps a power lower

than 605 W (hence with higher efficiency), in the following time-steps it

should produce a power higher than 605 W (hence with lower efficiency)

to guarantee energy equilibrium. As a consequence, more energy would

be produced at lower efficiency (higher set-point) decreasing the overall

performance. We also note that such reasoning holds true given the sym-

metrical efficiency curve around 605 W for both the 1 kW and 2 kW FCs,

see Figure 3.4. Moreover, we underline that in the optimization process

we do not consider the maintenance cost and the degradation due to vari-

able set-point operation, hence further validating our results [281, 282].

The operating difference between the 1 kW and 2 kW FCs relies in the

hydrogen consumption to produce the required 605 W. In fact, the stacks

consume respectively mH2(1 kW) = 164 g and mH2(2 kW) = 157 g to cover

the nominal range REV = 119 km. The 2 kW stack consumes 7 g less hy-

drogen because for the same power output it works at a lower set-point,

and hence with higher efficiency (Figure 3.4). However, the 2 kW stack

costs about twice the 1 kW stack and has a mass about three times higher.

Therefore, the marginal hydrogen saving does not justify the increase in

cost and mass and we select the 1 kW stack for the FCH-LEV.

Through the optimized methodology of Section 3.2.3 we also verify that

the required BB capacity is CBB = 93 Wh. Such battery is characterized

from the curves in Figure 3.6, where the initial and final SOC is set to

0.54. We note that by using the minimum required buffer battery capacity

there is only one value of initial and final SOC that guarantees that over

all the driving cycle 0 ≤ SOC ≤ 1, and hence the system is not flexible

in operation. In addition, in the design methodology we do not consider
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Figure 3.6: Characterization of the buffer battery: a) produced energy

from the fuel cell eFC (orange curve), consumed energy from the moped

ePB (black curve), and quantity of stored energy cBB (purple curve) as a

function of time; b) state-of-charge as a function of time.
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that the PEMFC stacks have a start-up time of 30 s in which the BB has

to provide all the required power. Therefore, we decide to oversize the

battery capacity. Incidentally, the smallest commercial Li-ion batteries

for mobility applications have a capacity of 240 Wh that is more than two

times CBB = 93 Wh [280]. Therefore, we select such 240 Wh buffer battery

[283] with dimensions 0.145 m× 0.308 m× 0.042 m and mass of 3.3 kg.

The stored hydrogen mass in the 2000 Sl MH tank characterized in

Table 3.4 is 164 g. Such mass is exactly the same consumed from the 1

kW FC for nEV = 10.4 driving cycles that compose the nominal range.

Therefore, a FCH-LEV composed of 1 kW FC stack, a 240 Wh BB, and

a 2000 Sl MH tank can cover the same range of the equivalent e-moped.

The volume of such hybrid system is Vh = VFC + VBB + VMH = 7.2 ×
10−3 m3 + 1.9 × 10−3 m3 + 5.3 × 10−3 m3 = 1.44 × 10−2 m3 = 14.4 l. We

note that the composing elements of the FCH-LEV can be easily arranged

to fit the volume under the saddle. In fact, the FC stack and the buffer

buttery are parallelepipeds [275, 276, 283], while the hydrides tanks are

commercially available as cylinders or parallelepipeds [279, 284]. More-

over, a volume Vf = 39.6 l (that is a part of that occupied from the

batteries of the e-moped Vb = 5.4 × 10−2 m3 = 54 l) is left free in the

FCH-LEV. Such space is 2.75 times higher than Vh = 14.4 l. Therefore,

it will be confidently enough to host the thermal management system

and eventually additional MH tanks. The mass of the hybrid system is

mh = mFC +mBB +mMH = 4.4 kg +3.3 kg +14 kg = 21.7 kg, that is 5.5 kg

higher than the mass of the batteries of the e-moped mb = 16.2 kg. In fact,

the FCH-LEV has an higher volume energy density but a lower mass en-

ergy density. However, the 5.5 kg mass increase is almost negligible being

only 3.5 % of the total mass mtot = 157 kg. In fact, repeating the design

with mc
tot = 162.5 kg, the hydrogen consumption is mc

H2
(1 kW) = 165 g,

instead of mH2(1 kW) = 164 g. The e-moped has a cost of 3790e , 1800e

of which are attributable to the batteries (Tables 3.1, and 3.2). The sys-

tem composed of the 1 kW FC stack, the 240 Wh BB, and the 2000 Sl MH

tank costs 9560e (Tables 3.3, and 3.4). Such value is more than 5 times

the cost of the batteries in the e-moped. However, in the near future,

we expect that the diffusion of hydrogen technologies will lower the costs,

making the FCH-LEV economically competitive.

If two MH tanks are installed in the moped the hybrid system has

a mass mh = mFC + mBB + 2mMH = 35.7 kg and occupies a volume

Vh = VFC + VBB + 2VMH = 1.97 × 10−2 m3 = 19.7 l. Considering the
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increased mass, the nominal range is 234 km that is only slightly lower

than the double of the nominal range of the e-moped REV = 119 km.

Similarly, with three MH tanks mh = 49.7 kg, Vh = 25 l, and the nominal

range is 348 km. We highlight that the FCH-LEV is superior than the Li-

ion e-moped in terms of attainable range. Therefore, the system composed

of the FC and MH tank can be considered a range extender for the base

electric vehicle. In fact, the FCH-LEV can almost triplicate the nominal

range with a negligible mass increase and with lower overall dimensions

than the Li-ion batteries. The increase in the range is not physically

possible with Li-ion batteries that occupy all the available volume. We

also note that the free volume under the saddle considering three tanks is

still Vf = 29 l, and can be used for the thermal management system.

Finally, it is also possible to store the hydrogen on board with a high

pressure composite tank. In such case the available volume is Vb − VFC −
VBB = 5.4× 10−2 m3 − 7.2× 10−3 m3 − 1.9× 10−3 m3 = 4.49× 10−2 m3 =

44.9 l. If all such free space is used to install the high pressure tank, it

is possible to store mH2 = 164 g at a pressure of 46 bar. However, the

typical operating pressure of composite tanks is 300 bar [285, 286]. At

such pressure, it is possible to store 1080 g of hydrogen, that are enough

to cover more than 6 times the nominal range of the e-moped. Composite

tanks have an average specific weight of 500 kg/m3 [285, 286]. Therefore, a

44.9 l composite tank has an estimated mass of 22.5 kg. Such value makes

the mass of the hybrid system mh = 30.2 kg, that is 14 kg higher than

the mass of the batteries of the e-moped. Alternatively, it is possible to

store 164 g of hydrogen (that is enough to cover the nominal range) in a

6.8 l composite tank at 300 bar [287]. Such tank that has a mass of 3.5 kg,

resulting in mh = 11.2 kg, that is lower than the mass of the batteries

of the e-moped. Such mass decrease results also in a reduction of the

hydrogen consumption per cycle. Despite the possible advantages of high

pressure storage, we note that the compression to 300 bar can require up

to 10% of the hydrogen lower heating value [288], thus increasing the H2

recharge cost.

3.3.1 Discussion

We note that the optimized control strategy, consisting of a constant

set-point for the FC and a load following approach for the BB, can be

straightforwardly implemented in an on board control unit. Moreover, we
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underline that the constant PFC = 605 W can also be obtained with the

following iterative rule-based approach. Starting from the current tenta-

tive FC power P ∗FC we are able to calculate the requested primary power

PPB and the produced primary power, see below Equations (3.16) and

(3.17) for the definitions. Such power profiles are integrated to evaluate

the energy equilibrium: if the produced energy is lower/greater than the

requested energy, the current tentative FC power is increased/decreased

of 0.1 W. Such procedure is repeated until energy equilibrium is reached,

given that we do not consider in this work the possibility to use the system

as a plug-in FCH-LEV. We initialize the first tentative P ∗FC = 580 W as

the integral average primary power demand PP.

Starting from the primary power PP in Equation (3.6), we introduce

PPB that is the required primary power that also considers the charge and

discharge efficiency of the BB
PPB(t) = PP(t)ηBC if PP(t) ≤ 0

PPB(t) = PP(t) if 0 < PP(t) < P ∗FC

PPB(t) = P ∗FC +
PP(t)−P ∗

FC
ηBD

if PP(t) ≥ P ∗FC

, (3.16)

where ηBC = 0.96 is the BB charge efficiency [273], ηBD = 0.96 is the BB

discharge efficiency [273]. We note that P ∗FC is the FC power that does

not vary with time, following the results of the optimized methodology.

When PP(t) ≤ 0 the generator produces power that is stored in the BB

to be used later, and therefore has to be reduced according to the battery

charge efficiency. Conversely, when PP(t) > 0 we observe two different

cases. If PP(t) ≤ P ∗FC the FC produces the power that is directly used in

the motor. Vice versa, if PP(t) > P ∗FC the excess over the FC power is

provided from the BB, considering the discharge efficiency.

The primary power produced by the fuel cell PFCB, has also to consider

the charge and discharge efficiency of the buffer battery


PFCB(t) = P ∗FCηBC if PP(t) ≤ 0

PFCB(t) = PP(t) + (P ∗FC − PP(t)) ηBC if 0 < PP(t) < P ∗FC

PFCB(t) = P ∗FC if PP(t) ≥ P ∗FC

.

(3.17)

Specifically, when PP(t) ≤ 0 the power produced from the FC goes en-

tirely in the BB, with the associated charge efficiency. Conversely, when
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0 < PP(t) < P ∗FC, the fuel cell satisfies PP(t) directly and it sends only

P ∗FC − PP(t) to the buffer battery, with the associated charge efficiency.

Finally, when PP(t) ≥ P ∗FC all the FC power is directly used in the motor.

After 249 iterative integration of Equations (3.16) and (3.17), we find

PRB
FC = 605 W = PFC as the final iteration value of P ∗FC that guarantees

the energy equilibrium over the driving cycle (i.e. the state-of-charge of

the BB at the beginning and at the end of the driving cycle is the same).

Such result is in accordance with the optimized methodology. Figure 3.7

represents the final iteration instant value of PFCB that oscillates around

PRB
FC as a consequence of the variable quantity of power going into the

buffer battery, with the associated charge efficiency. In the same Figure

we also represent the required primary power PPB evaluated at the final

iteration.

0
10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0
1,
00
0
1,
10
0
1,
20
0
1,
30
0
1,
40
0
1,
50
0
1,
60
0

−1

0

1

2

3

Time [s]

Po
we

r[
kW

]

PP
PPB
PFCB

Figure 3.7: Required primary power PP (red curve), required primary

power with buffer battery PPB (black curve), and primary power produced

by the fuel cell PFCB (magenta curve) as a function of time for the driving

cycle class 1 WLTC in Figure 3.2.

We evaluate the potential and the impact of a domestic total green

energy system for the recharge of the FCH-LEV composed of the 1 kW

FC stack, the 240 Wh BB, and the 2000 Sl MH tank. We assume that the

residential unit has installed a photovoltaic system with 3.3 kWp. Using

the PVGIS database [227] and considering the city of Viterbo we obtain

the typical hourly photovoltaic production for an entire year. Then, we

use Energy Plus [87, 225, 289] to determine the hourly energy load re-

ported in Figure 3.8, considering that Viterbo is classified as a heating

based climate, according to IEA [224]. For this analysis, we consider that

the photovoltaic production in surplus with respect to the residential load



90 Chapter 3: Optimized design of a H2 powered moped

1 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
1

6

12

18

24

H
ou

r

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

Consumption [kWh]

Winter Spring Summer Fall Winter

Figure 3.8: Hourly energy consumption of an apartment in the city of

Viterbo (heating based climate [224]).

feeds a PEM electrolyser with a 80 % efficiency [290]. Such system pro-

duces 68 kg of hydrogen per year. Considering that the FCH-LEV needs

164 g of hydrogen to cover the nominal range of REV = 119 km, the resi-

dential total green recharge system can recharge the FCH-LEV 415 times

per year (more than once per day), or equivalently that the FCH-LEV can

cover more than 49300 km per year with zero emissions.

Bus Car

PM2.5 [g] 176.8 145.6

PM10 [g] 218.4 52

NOx [g] 8850.4 499,2

COV [g] 478.4 156

CO [g] 1872 1435.2

CO2 [kg] 732 205

Table 3.5: Emissions of conventional means of transportation for yearly

average commute of a student in Viterbo [291].

Finally, we also evaluate the potential environmental and health im-

pact of the FCH-LEV when used for the mobility of students in a small

city such as Viterbo. In this scenario, the average daily round-trip com-

mute is 4 km, considering the typical routes defined in [291]. Given that

the students attend the university five days per week, the yearly potential

commute distance is 1040 km per student. Using the emission factors in

[291], it is possible to quantify in Table 3.5 the yearly emissions of conven-

tional means of transportation such as ICE-based bus and car for every
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student. Assuming that the FCH-LEV is fed with green hydrogen (zero

total emissions) is possible to avoid the release of these pollutants into the

atmosphere. Moreover, given that the FCH-LEV consumes 164 g every

119 km, the yearly hydrogen consumption for every student is 1433 g. By

dedicating a photovoltaic system to hydrogen production in a total green

shared recharge system, it is possible to obtain 35700 g/kWp. Therefore,

for each student it is necessary to install a 4× 10−2 kWp recharge system,

or alternatively every installed kWp can satisfy the needs of 25 students.

The results of this chapter highlight the advantages of FCH-LEVs over

traditional BEVs. In fact, comparing zero emission vehicles we have to

focus on the overall value chain of mobility. The higher attainable driving

range and the lower expected recharge time increase the available operat-

ing time of the FCH-LEV over the e-moped. This aspect is particularly

relevant considering that the development of electric mobility is deeply

connected to a shared paradigm. In such a scenario, the same mobility

demand can be accomplished with less vehicles, leading to lower capital

costs and emissions in production. Moreover, hydrogen has several intrin-

sic advantages. It can be produced from several renewable energy sources

such as biogas and wind or photovoltaic electric energy. Also, it can be

stored even on seasonal timespans. Finally, the natural gas distributions

grids could be converted to hydrogen operation in the near future, de-

coupling the mobility energy demand from the electric distribution grid.

Such aspect is crucial considering the increasing stress that intermittent

renewable energy sources put on such grid.

3.4 Summary

Micro-mobility is increasingly popular due to several advantages, such

as lower energy demand and less urban congestion, with respect to con-

ventional internal combustion engine-based mobility. Most of nowadays

micro-mobility vehicles are based on electric batteries. However, fuel cell

light hybrid electric vehicles could be relevant for the increase in the

driving-range and in the drivability, and for the reduction of the recharge

time. Therefore, we assess the techno-economic feasibility of the conver-

sion of a commercial battery electric moped (Askoll eS3
®) in a fuel cell

hybrid electric moped. We leverage on the worldwide harmonised light-

duty vehicles test cycle of class 1 to characterize the energy consumption

of the electric moped through a dynamic model that accounts for aero-
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dynamic drag and inertia. In this process, we also consider the efficiency

of the transmission, of the electric motor and generator, and of the buffer

battery. Then, we find the optimal size of the fuel cell, hydrogen storage,

and buffer battery that replace the Li-ion batteries of the electric moped.

For such conversion we develop an optimized sizing methodology based

on backward dynamic programming, and we also demonstrate that it can

implemented through a rule-based approach.

Results show that a 1 kW proton exchange membrane fuel cell, a

2000 Sl metal hydride hydrogen tank, and a 240 Wh buffer battery can

cover the same range of the batteries in the electric moped (119 km). Such

hybrid system occupies 39.6 l less volume than the batteries but is 5.5 kg

heavier. However, such mass increase is not relevant being only 3.5 % of

the total mass. With the current commercial quotations the hybrid sys-

tem costs 9560e that is more than five times the cost of the batteries of

the moped. However, we expect that the evolution of the hydrogen based

technologies will lower the prices. The empty volume resulting from the

conversion can be used to install additional metal hydride tanks to in-

crease the driving-range, with a negligible mass increase. In particular,

with two tanks it is possible to reach up to 234 km, while with three tanks

the driving-range is 348 km. Moreover, using composite tanks it is possi-

ble to cover the nominal range (119 km) with 6.8 l of hydrogen at 300 bar.

Alternatively, using all the available volume under the saddle (44.9 l) to

install the composite tank it is possible to cover the nominal range by stor-

ing hydrogen at 46 bar (with reduced compression energy required). Such

configuration can also be used to store hydrogen at 300 bar, resulting in

more than six times the nominal range.

3.4.1 Estimated impact and future works

The fuel cell hybrid electric vehicle can be recharged with green hy-

drogen becoming completely emissions free. In particular, in a typical

residential apartment with a 3.3 kWp photovoltaic system it is possible

to produce on a yearly basis enough hydrogen to completely recharge the

vehicle more than once per day. Such estimation only considers the photo-

voltaic production in surplus with respect to the energy loads of the apart-

ment. Moreover, the fuel cell hybrid electric vehicle can have a relevant

impact also for shared mobility. For example, considering the university

students in a small Italian city (Viterbo), it is possible to considerably re-
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duce the pollutants and greenhouse gas emissions (Table 3.5). Moreover, a

dedicated photovoltaic system can produce the green hydrogen necessary

for 25 students every 1 kWp installed, on a yearly basis.

The results here presented can be further investigated by considering

the design of the thermal management system, especially focusing on the

metal hydride tank and on the fuel cell stack. Finally, some advanced

materials (e.g. metal hydrides alloys) can be evaluated in order to improve

the characteristics of the system such as the energy storage density.





Chapter 4

Performance evaluation of

coupled MH-PCM storage

systems through

non-dimensional numbers

Efficient storage solutions that decouple energy use and production

are pivotal to the green energy transition. In this context, hydrogen has

shown excellent potential. In particular, Metal Hydride (MH) hydrogen

storage is one of the most hopeful solutions for both stationary and mobile

applications. To store the heat emitted during the absorption process and

then to reuse it in the desorption process, the metal hydride is generally

coupled with Phase Change Material (PCM).

In this chapter we develop a non-dimensional methodology to char-

acterize the operation of several cylindrical metal hydride-phase change

material tank layouts and to determine the optimal configuration in term

of charge/discharge time and power. Especially, we apply the Buckingham

theorem to obtain 13 non-dimensional parameters which totally describe

the process. We utilize the proposed methodology to assess the impact of

such parameters on a baseline design metal hydride-phase change mate-

rial system. Finally, we evaluate a case study by introducing the optimal

configuration and by comparing it with the baseline design.

The chapter is organized as follows. In Section 4.1 we state the aim

of the chapter and we describe the system. Section 4.2 describes the

mathematical model, the domains discretization, the heat exchange model,
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and the non-dimensionalization of the problem. Results for the absorption

and desorption processes are presented and discussed in Section 4.3. In

Section 4.4 we highlight the main aspects of the results. Moreover, we

introduce a case study to assess the usefulness of the methodology. Finally,

we draw the conclusions in Section 4.5.

4.1 Problem Statement

Although in literature there are numerous studies to optimize the MH-

PCM tanks in different respects, a methodology based on dimensionless

numbers to characterize the system operation, assess the impact of the

salient parameters of the phenomena, and evaluate an optimal configura-

tion is still uncharted, to the best of our knowledge. In this chapter, we

develop a dimensionless methodology to analyse and maximize the perfor-

mances of different cylindrical MH-PCM tank layouts. In particular, by

using the Buckingham theorem we combine the geometrical and physical

properties of PCM and MH to obtain dimensionless numbers representa-

tive of the problem.

The overall system is composed of a inner MH cylinder and a hollow

PCM cylinder surrounding the MH bed. The PCM absorbs heat during

absorption and transfers heat during desorption. Figure 4.1 shows the

system configuration. L and d are the MH cylinder length and diameter,

respectively. During the charge/discharge cycle (absorption/desorption),

the following assumptions are made:

� gases comply with the ideal gas model [292],

� porous medium is homogeneous [293],

� inlet/outlet hydrogen pressures are constant [203],

� physical properties of MH/PCM are not dependent on temperature

(constant in time) [294],

� gas pressure inside the vessel is uniform, thus neglecting the actual

pressure distribution [292],

� no border effect is considered.

In contrast to the gas pressure, the temperature is not evaluated homo-

geneously within the vessel. The discretization of the MH-PCM domain

(to evaluate the effect of the temperature distribution) is addressed in Sec-

tion 4.2.2. The domain is axisymmetric, therefore the nodes are placed
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H2 inlet/outlet

MH
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symmetry axis

b = b1

L

b = b2

Figure 4.1: The MH-PCM system configuration.

between b = 0 (vessel core) and b = b2 (external radius of the outer cylin-

der). In fact, the temperature varies in the radial direction and remains

constant in the axial direction. The MH domain is discretized between

b = 0 and b = b1 (radius of the MH-PCM interface) while the PCM do-

main is discretized between b = b1 and b = b2. Such discretization allows

to switch from partial differential equations to ordinary differential equa-

tions, in order to study the whole absorption/desorption process. The

increase in problem’s complexity is justified considering that our goal is

to thoroughly study the influence of several physical parameters on the

overall efficiency.

A complete cycle consists of a charge phase, a dormancy phase and a

final discharge phase. These are reversible processes, although there exist

some irreversibilities which lower the system efficiency (for example the

metal powder deformation) [295]. In the present study, such phenomena

are neglected and the complete cycle may be carried out indefinitely. Fig-

ure 4.2 shows the complete process in the MH-PCM storage system. The
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hydrogen enters the inner cylinder from above by means of an inlet valve,

thus starting the absorption process. As soon as the absorption ends, the

hydrogen flow rate ceases and we can assume that the valve is closed. In

the dormancy phase, MH keeps exchanging heat with the PCM until a

steady-state condition is reached (i.e. when the hydride and the PCM

temperatures coincide). Such operating condition is valid only if we con-

sider that the PCM external surface is thermally insulated [217]. When

the valve is open again the hydrogen gas starts flowing out of the vessel.

Finally, the desorption phase begins as the thermodynamic conditions are

satisfied: the hydrogen dissociates from MH and begins to flow out of the

tank.

Hydrogen

Pa = Pamb

Absorption

H2
inlet outlet

Dormancy

MH-PCM

Heat exchange

PCM
Melting
Heat

T = TPCM

PCM
Solidific.

release
T = TPCM

Hydrogen

Pd = Pamb

Desorption
storage

Heat

Charge Discharge

H2

Figure 4.2: The whole process in the MH-PCM storage system.

4.2 Methodology

In this section we explore the mathematical methodology at the base of

our study. In particular, we analyze the thermal exchange system, includ-

ing geometrical/physical data, rationale, set of equations, and the domains

discretization. Furthermore, we investigate the non-dimensionalization

procedure employed to get the dimensionless parameters. Such parame-

ters are crucial to evaluate several aspects of the whole process.



4.2 Methodology 99

4.2.1 Mathematical model

By analyzing the governing equations of such a storage system [296],

we evaluate for the absorption

dmH2g

dt = fin,H2 − rmtot
MWH2

SC

MWMH

r = Cae
− Ea

RT ln P
Peq

(1− mMH
mtot

)

ρMHcpMH
∂T
∂t = kMH∇2T + q̇a + fin,H2cpH2(Tin,H2 − T ) 1

V

, (4.1)

and for the desorption

dmH2g

dt = −fout,H2 − rmtot
MWH2

SC

MWMH

r = Cde
− Ed

RT ln
P−Peq

Peq
(MWMH

mtot
)

ρMHcpMH
∂T
∂t = kMH∇2T + q̇d

. (4.2)

In both cases, the first equation of the system represents the hydrogen

conservation in gaseous form inside the vessel. Such ordinary differential

equation considers the whole inner cylinder as control volume. In partic-

ular, the source terms are the inlet/outlet mass flow rate (fin,H2/fout,H2)

and the overall absorbed/desorbed hydrogen calculated from the reaction

rate (r), the total hydride mass (mtot), the hydride and hydrogen molecu-

lar weights (MWMH, MWH2) and the stoichiometric coefficient (SC). The

second equation expresses r and involves typical reactions proportionality

coefficients (Ca, Cd, Ea, Ed), and the universal gas constant (R). It is a

partial differential equation that depends on hydrogen pressure (P ), local

temperature (T ), equilibrium pressure (Peq), and actual share of absorbed

gas (being mMH the time-dependent hydride mass). The reaction rate r

definition is directly linked to the MH mass conservation

r =
1

mtot

dmMH

dt
. (4.3)

With respect to Peq, for absorption

Peq = P0 exp[
∆Ha

RT
− ∆Sa

R
+ sl(

mMH

mtot
− 0.5)], (4.4)

while for desorption

Peq = P0 exp[−
∆Hd

RT
+

∆Sd
R

+ sl(
mMH

mtot
− 0.5)], (4.5)
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where P0 is the reference pressure, ∆Ha and ∆Sa are the enthalpy/entropy

variations for absorption reaction, ∆Hd and ∆Sd are the enthalpy/entropy

variations for desorption reaction, as well as sl is the reaction plateau slope

coefficient. Finally, the third equation is the energy conservation (Fourier

law of conduction). The temporal variation of the local temperature is

dependent on a conductive term (kMH∇2T ), where kMH is the MH ther-

mal conductivity, and on a volumetric heat source term (q̇a, q̇d). Such

term is made up of the heat generated as the reactions occur and is spa-

tially distributed. ρMH and cpMH are the MH density and specific heat,

respectively. The MH conductivity kMH and heat capacity ρMHcpMH are

calculated as follows [216, 217]

kMH = γkH2 + (1− γ)km, (4.6)

ρMHcpMH = γρH2cpH2 + (1− γ)ρmcpm, (4.7)

where γ = 0.5 is the MH porosity, kH2 = 0.185 W/mK, ρH2 = 0.0899 kg/m3,

cpH2 = 14, 300 J/kgK are the hydrogen conductivity, density and specific

heat respectively and km = 2.0 W/mK, ρm = 7260 kg/m3 and cpm =

419 J/kgK are the LaNi5 conductivity, density and specific heat.During

absorption q̇a is positive whereas during desorption q̇d is negative. In each

node

q̇a = −∆Harmtot
SC

MWMH

1

V
, (4.8)

q̇d = +∆Hdrmtot
SC

MWMH

1

V
, (4.9)

where V is the inner cylinder volume. (Note that ∆Ha is negative and

∆Hd is positive). We also have an additional term of heat exchange during

absorption, which accounts for the difference between the inlet hydrogen

temperature (Tin,H2) and the local temperature.

The second and third equations of the systems (4.1) and (4.2) are par-

tial differential equations, which must be solved by means of an implicit

scheme. To this aim, we express them according to the domains discretiza-

tion. In particular, we evaluate a global equation for the whole MH tank

(hydrogen mass conservation), and two additional equations in each node

(local reaction rate and temperature). In the software implementation we

use a Matlab’s ode15s solver.

During dormancy, no reaction occurs and the energy conservation is

the only active equation. This implies that the reaction kinetics equals
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zero in each node and
dmH2
dt = 0. During this phase, heat is still exchanged

between the two materials and the temperatures slowly converge to a

steady-state condition. Likewise, the gas pressure varies according to the

ideal gas law.

4.2.2 Domains discretization

Due to the ideal axisymmetry, the discretization is equivalently carried

out in a random direction between the center and the MH-PCM interface.

Then, we make the assumption that no variable varies along the main axis

of the canister, thus implying a favourable 1-D problem. The total number

of nodes to discretize the MH-PCM storage system is NTOT = 110.

Figure 4.3 shows the representation of the MH domain discretization,

characterized by NMH = 50 nodes. To substitute ∇T with a spatially

discretized equation we use the central finite difference method, where ∆b

is the spatial distance between two consecutive nodes. Such discretization

MH PCM

NMH,1 NMH,50

∆b

symmetry axis

b = b1
b = b2

L

Figure 4.3: The MH domain discretization [from b = 0 (vessel core) to

b = b1 (MH-PCM interface).]

allows us to evaluate the local values of reaction rate r and temperature
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T .

The PCM is not discretized in absorption because it exchanges heat

with the MH, while melting with a constant temperature equal to so-

lidification temperature (Tsol). For this reason, we consider PCM as a

single node (NPCM,a = 1) at TPCM = Tsol. Conversely, during desorp-

tion the PCM solidifies, thus mandating the discretization of its domain

(NPCM,d = 60). Also for the PCM domain, we adopt a finite central dif-

ference method. In this phase, the heat exchange varies from a convective

to a conductive problem, thus implying that the PCM solidifies in the

process. We adopt the PCM discretization model proposed in [297]. The

authors use a variable space network, divided into two main regions. The

first region between b = b1 and b = ε considers the material at the solid

state, being ε the solidification front. A second region between b = ε and

b = b2 considers the material at the liquid state. Figure 4.4 graphically

shows the discretization scheme.

In addition to the standard Fourier’s conduction equation, we consider

an ad-hoc equation that represents the evolution of the solidification front.

The coupling of two conduction laws at the interface (one for the solid

region and one for the liquid region) leads to

dε

dt
=

1

ρPCMλ

[
kPCM,s

∂Ts
∂b b=ε

− kPCM,l
∂Tl
∂b b=ε

]
, (4.10)

where the s,l subscripts indicate solid and liquid regions respectively.

The solid region (b < ε) is discretized with NPCM,s = 40, whose rel-

ative distances increase as the solidification front progresses. Likewise,

the liquid region (b > ε) is discretized with NPCM,l = 20, whose relative

distances shrink as the solidification front progresses (Figure 4.4).

4.2.3 The heat exchange model

During the charge process, the convection is simulated by estimating

the Nu number at the MH-PCM interface. The authors in [298] introduce

the following Nu expression for a configuration similar to ours

Nu = (2θ)−0.5 + [0.35Ra0.25 − (2θ)−0.5]∗
∗ [1 + (0.0175Ra3/4θ3/2)−2]1/2,

(4.11)

where θ = FoSt is the non-dimensional time and Fo, St are the Fourier

and Stefan numbers, respectively. Ra is the Rayleigh number. This func-

tion rapidly tends to a stationary value Nu∞. Nevertheless, in [144] is
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NPCM,1

NPCM,40
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Figure 4.4: Scheme of the discretized PCM domain at two different time

steps, according to [297].

demonstrated the we can safely assume Nu = Nu∞ for the whole tem-

poral domain. Such assumption is valid because the difference between

the two models is significant for a negligible period of time in case of a

MH-PCM interface. Thus, we use the following, simpler expression

Nu =
0.35Ra0.25

[1 + (0.143/Pr)9/16]4/9
= Nu∞, (4.12)

where Pr is the Prandtl number. From Nu we can directly estimate the

convective heat exchange coefficient h = NukPCM
L , and thus determine the

total heat flux exchanged at the interface. During dormancy, this equation

is still valid and the whole system converges to a stationary condition.

During the discharge process, we do not calculate Nu because the heat

exchange has a conductive nature. The interface is therefore a simple

discontinuity in thermal conductivity. Based on the above, we analyse the
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power of the process (P) only in the charge and discharge phases.

4.2.4 Non-dimensionalization of the problem

Finally, we employ a non-dimensional mathematical model to carry

out a more general analysis of the above-mentioned physical problem. To

this aim, we apply the Buckingham theorem to obtain 13 dimensionless

numbers, which completely describe the physical phenomenon. The im-

portance of the valve width is limited to the brief initial phase in which

the flux is choked, thereby opposing to further hydrogen entering the can-

ister. Due to the very short time typical of this phenomenon, the section

of such valve (Svalve) is neglected during this process. Table 4.1 shows

the non-dimensional parameters. The definition of all the non-dimensio-

nal numbers is univocal in the two phases, except for Π9. In fact, Π9

changes its definition between charge and discharge, due to the different

heat exchange mechanism. For the absorption phase Π9 is the PCM Pr

number, while in the desorption phase Π9 represents the non-dimensional

PCM latent heat of fusion (λ∗).

4.3 Results

In this section we analyze the impact of several non-dimensional pa-

rameters on both the absorption and desorption phase. We consider a

starting configuration where all the non-dimensional numbers are fixed

based on the study [144]. Then, we vary separately Π2, Π7, Π9, Π10, Π11,

Π12, whereas Π1, Π3, Π4 are studied as control parameters. In particular,

Π1 is the non-dimensional equivalent power (P∗). It is directly related

to the inlet/outlet hydrogen mass flow rate. A high P∗ indicates efficient

charge/discharge processes. Π3 is the Fo number and it suggests the total

time needed for the reaction. Π4 represents the canister state of charge (φ)

and is equal to 0 when the canister is empty while it is equal to 1 when

the canister is fully charged. All the variable non-dimensional numbers

are ranged by carefully taking into exam the properties of various config-

urations and PCMs [141, 144, 204, 214, 215, 217], in order to retrieve the

minimum and maximum plausible values for each of them.
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Parameter Definition Denomination

Π1 P d
α3
MHρMH

1
1018

Equivalent power (P∗)

Π2 L/d Main aspect ratio

Π3 tαMH

d2
Fourier number (Fo)

Π4
mH2

mtot
H2

State of charge (φ)

Π5

mtot
H2

V ρMH
Mass of H2 stored

Π6 P sol
eq

d2

α2
MHρMH

1
1012

Equilibrium pressure at Tsol

Π7 Pamb/P
sol
eq Ambient pressure

Π8 Tsol
d2cpMH

α2
MH

1
1015

Solidification temperature

Π9

µcpPCM

kPCM
Prandtl number (Pr)

λ d2

α2
PCM

1
1015

Latent heat of the PCM (λ∗)

Π10
kPCM

kMH
Thermal conductivities ratio

Π11
cpPCM

cpMH
Specific heats ratio

Π12
ρPCM

ρMH
Densities ratio

Table 4.1: Non-dimensional parameters of the model.

4.3.1 Absorption results

Figure 4.5 shows P∗ as a function of φ for five different values of Π2

(L/d), with Fo in colorbar. From the figure we observe that over the whole

φ interval, P∗ is directly proportional to Π2. Moreover, during the process

Fo remains almost constant with the variation of Π2, thus implying that
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the canister is absorbing more hydrogen in the unit time. The results

suggest that longer and thinner canisters exchange heat more efficiently

with the PCM.
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Figure 4.5: P∗ as a function of φ for different values of Π2 in absorption

with Fo in colorbar.

Figure 4.6 shows P∗ as a function of φ for five different values of Π7.

For increasing Π7 (i.e. a higher inlet hydrogen pressure Pamb), we observe

that P∗ increases and Fo decreases over the whole process. The reduction

of Fo is desirable because the same amount of hydrogen is absorbed in less

time.

Figure 4.7 illustrates the impact of five different values of Π9 (Pr) on

P∗. The impact is different along the process. In particular, for 0 ≤ φ ≤
0.12 the curves overlap, whereas for φ > 0.12 an increase of Pr slightly

reduces P∗. In fact, for 0 ≤ φ ≤ 0.12 the PCM does not affect the reaction

because the hydride temperature is too low. As φ increases, more heat

is developed and the hydride temperature raises. Thus, for φ > 0.12, the

PCM improves the reaction rate by absorbing heat from the hydride. In

this case Fo is not deeply affected by the variation of Pr.

In Figure 4.8 we assess the trends of P∗ for five different values of

Π10. Also this parameter has a significant impact only for φ > 0.12. In

this range a higher thermal conductivities ratio Π10 leads to a higher P∗
because the PCM absorbs the reaction heat more efficiently. The reduced

value of Fo implies that the canister is absorbing more hydrogen in less
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Figure 4.6: P∗ as a function of φ for different values of Π7 in absorption

with Fo in colorbar.
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Figure 4.7: P∗ as a function of φ for different values of Π9 in absorption

with Fo in colorbar.

time.

In Figure 4.9 we evaluate how the specific heats ratio Π11 affects P∗.
We can observe that a higher Π11 has a slightly positive effect even if the

impact can be considered negligible.

Finally, Figure 4.10 shows that similarly to Π11, also the densities ratio
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Figure 4.8: P∗ as a function of φ for different values of Π10 in absorption

with Fo in colorbar.
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Figure 4.9: P∗ as a function of φ for different values of Π11 in absorption

with Fo in colorbar.

Π12 has an almost irrelevant impact on P∗. For both these parameters

the impact is less significant than Π10, although an increase of Π12 is

recommended in order to augment P∗.
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Figure 4.10: P∗ as a function of φ for different values of Π12 in absorp-

tion with Fo in colorbar.

4.3.2 Desorption results

Figure 4.11 shows P∗ as a function of φ for five different values of Π2 in

the desorption phase. As in absorption, higher values of Π2 have positive

effects on the process, leading to a more efficient heat exchange and a

quicker discharge. Also in this case, Fo is nearly constant, suggesting that

the canister is desorbing more hydrogen in the unit time.

In Figure 4.12 we note that the hydrogen outlet pressure Π7 has a

notable impact on the desorption phase efficiency. In fact, higher values

of Π7 reduce P∗ over the whole φ interval. Basically, it is more difficult

for the hydrogen gas to flow out of the canister if the ambient pressure is

higher.

In Figure 4.13 we assess the trends of P∗ for five different values of

Π9. Similarly to the absorption, also in desorption we note a first phase

(1 ≥ φ ≥ 0.85) where P∗ is not dependent on Π9 and the curves overlap

and a second phase (φ < 0.85) when they differ. For φ < 0.85 P∗ is

positively affected by increasing values of Π9. Such effect is due to the

fact that the PCM intervenes in the reaction actively transferring heat to

the MH.

Figure 4.14 shows P∗ for five different values of Π10. For φ < 0.85 the

impact of Π10 in desorption is significant. In fact, the heat exchange is
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Figure 4.11: P∗ as a function of φ for different values of Π2 in desorp-

tion with Fo in colorbar.
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Figure 4.12: P∗ as a function of φ for different values of Π7 in desorp-

tion with Fo in colorbar.

now conduction-based and the thermal conductivity plays a direct role.

Higher values of Π10 lead to an increased P∗ and a decreased final Fo.

In Figure 4.15 and 4.16 we evaluate the effect of Π11 and Π12 on P∗,
respectively. For φ < 0.85, in contrast to the absorption phase, P∗ is
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Figure 4.13: P∗ as a function of φ for different values of Π9 in desorp-

tion with Fo in colorbar.
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Figure 4.14: P∗ as a function of φ for different values of Π10 in desorp-

tion with Fo in colorbar.

inversely proportional to both parameters. Such trends depend on the

different nature of the heat exchange. However, the impact of Π11 and

Π12 is almost negligible.
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Figure 4.15: P∗ as a function of φ for different values of Π11 in desorp-

tion with Fo in colorbar.
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Figure 4.16: P∗ as a function of φ for different values of Π12 in desorp-

tion with Fo in colorbar.

4.4 Discussion

According to Section 4.3 we observe that Π2 (L/d) and Π10 (kPCM/kMH)

are the most significant non-dimensional parameters. Thus, to optimize

the MH-PCM system operation we should use thin and long canisters, sur-
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rounded by a PCM with a high value of the relative thermal conductivity.

The efficiency of the processes is essentially enhanced thanks to a better

heat exchange, which increases the reaction rate and the inlet/outlet hy-

drogen mass flow rate. Π7 (Pamb/P
sol
eq ) and Π9 play an important role as

well. However, Π7 is mostly dependent on the operative conditions (es-

pecially during the discharge phase), whereas Π9 has a real impact only

in the desorption phase (when it is λ∗). In fact, we note that the latent

heat of fusion of the PCM has a primary role on the desorption efficiency.

Conversely, Π9 (Pr), Π11 (cpPCM/cpMH) and Π12 (ρPCM/ρMH) have a mi-

nor role on the physical phenomena. Finally, the reactions are limited

by the heat exchange with the PCM for φ > 0.12 in absorption and for

φ < 0.85 in desorption. During the relatively short initial periods, the

heat exchange non-dimensional parameters do not impact the operation

and the different P∗ curves coincide. Matter of fact, the MH temperature

is too low (in absorption) or too high (in desorption) to limit the reaction

rate and slow down the process. Thus, in this phase, the power (i.e. the

mass flow rate) is only dependent on the reactions kinetics. The same

observation can be made for the final stage of the reactions (the last 5 %),

where the kinetics is predominant and drastically lowers the power. In

conclusion, throughout the whole process the slope is dependent on the

kinetics and is nearly constant in the central segment.

4.4.1 Case study

The goal of this section is to leverage the methodology proposed to

determine an optimal configuration for a cylindrical MH-PCM hydrogen

storage system. To this aim, we use LaNi5 as MH since it is typically

employed for this kind of applications [144]. Instead, the PCM must be

further defined as one of the outcomes, in terms of physical properties

that enhance the heat exchange. We also compare such optimal configu-

ration with the baseline design used as reference in Section 4.3. For both

configurations, we examine the charge/discharge time and power by fixing

the amount of hydrogen to be absorbed (1 kWh of energy). In particular,

1 kWh of energy corresponds to 30 g of H2. The LaNi5 gravimetric den-

sity is equal to 1.28 %, therefore 2.34 kg of MH powder are needed. If we

consider 34 % of the total volume as occupied by the powder, the canister

volume required to store such amount of hydride is 8.60 · 10−4 m3. The

free space is needed in order to account for the expansion phenomenon to
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which the powder is subject during the absorption process and is a conser-

vative percentage (conventionally, the threshold is set at 40 % [299]). In

the optimal design, we select a canister with Π2 = 30, being L = 99.48 cm

and d = 3.32 cm. Π5 is 1.0 whereas the other variable non-dimensional

numbers (Π7, Π9, Π10, Π11, Π12) are selected by analyzing the results of

Section 4.3 and by retrieving the properties of the most efficient PCMs de-

veloped so far. Table 4.2 summarizes the non-dimensional configurations

for the optimal and the baseline design.

Parameter
Baseline Configuration Optimal Configuration

Absorption Desorption Absorption Desorption

Π2 5 5 30 30

Π6 1.8 1.6 0.08 0.07

Π7 6 0.4 1 0.03

Π9 25 25 4.5 2.5

Π10 0.1 0.1 0.3 0.6

Π11 3 3 6.5 4

Π12 0.1 0.1 0.25 0.3

Table 4.2: Baseline and optimal non-dimensional configurations of the

case study.

The mathematical model and the numerical methodology are the same

employed in Section 4.2 and the results are shown both through a non-

dimensional (Figure 4.17) and a dimensional approach (Figure 4.18). Fig-

ure 4.17 shows the non-dimensional absorption and desorption phases for

the optimal and the baseline configurations. The baseline design exhibits

a higher charge and discharge power in a first brief phase, then the op-

timal design is more performing. Moreover, in both cases the final value

of Fo for the optimal configuration is notably reduced, thus suggesting
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a considerably quicker charge and discharge process. Figure 4.18 shows
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Figure 4.17: Comparison between baseline and optimal configuration for

the (a) Absorption phase and the (b) Desorption phase.

the charge and discharge power as function of φ for the baseline and the

optimal configurations in the absorption and the desorption phases. In

absorption, the total time needed for the reaction decreases from 120 min-

utes to 9 minutes, with the correspondent average power increasing from

517.3 W to 7.05 kW. In desorption, the time decreases from 1100 minutes

to 87 minutes, with the average power increasing from 55.7 W to 728.8 W.
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Therefore, the enhancement is significant since the total time process is

reduced from 1220 minutes to 97 minutes (i.e. a 92.1 % time reduction).

We observe such improvement both in absorption and in desorption.

As for the selection of the PCM, LiNO3 − 3H2O is a reasonable so-

lution for such a configuration. In fact, due to the physical properties

summarized in Table 4.3, it can easily achieve the non-dimensional values

used in our case study. We use the exact same amount of PCM that is

needed to store/transfer the heat released/required during the entire cy-

cle. Therefore, such optimal MH-PCM configuration has a 14.4 kgH2
/m3

volumetric density, which can be achieved by a 180 bar pressure vessel

at standard temperature. For comparison, the baseline design has a 8

kgH2
/m3 volumetric density.

Liquid Phase Solid Phase

Thermal conductivity k [W/mK] 0.58 1.32

Density ρ [kg/m3] 1780 2140

Specific heat cp [J/kgK] 2770 1730

Latent heat of fusion λ [J/kg] 296000

Solidification temperature Tsol [K] 303

Table 4.3: Thermo-physical properties of LiNO3 − 3H2O.

The difference in the volumetric density can be graphically appreciated

in Figure 4.19, where it is plotted along with the temperature distribution

of the MH-PCM system. The comparison between the two configurations

highlights the enhancements of the optimization: the temperature is closer

to the PCM solidification level while much less material has to be used in

order to accomplish the discharge.

Note that, in the desorption phase, hydrogen is free to flow out with

no restrictions or constraints. Thus, the mass flow rate is the highest

physically possible at any time. Such a flow rate can indeed be limited

in order to obtain a constant 1 kW power output for a longer period of

time, for instance. This is particularly useful in stationary power gener-



4.4 Discussion 117

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 110−2

10−1

100

101

102

103

φ

P
[k

W
]

(a) Absorption

00.10.20.30.40.50.60.70.80.9110−2

10−1

100

101

102

103

φ

P
[k

W
]

(b) Desorption

Baseline configuration
Optimal configuration

Figure 4.18: Comparison between the baseline and the optimal configu-

ration for the (a) Absorption phase and the (b) Desorption phase.

ation systems and better represents the actual functioning of a practical

application.
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Figure 4.19: Temperature distribution and solidification front evolution

for 4 different values of φ in the baseline and optimal configuration.

4.5 Summary

In this chapter we develop a flexible and versatile non-dimensional

methodology to characterize the operation of different cylindrical MH-

PCM storage tank layouts and to determine the optimal configuration, in

terms of charge/discharge time and equivalent power. In particular, we

utilize three sets of equations to study the absorption, the dormancy, and
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the desorption phases, respectively. To analyze the impact of the tem-

perature distribution on the system performance (i.e. the impact on the

reaction rate), we discretize the MH-PCM axisymmetric geometry through

the radial direction, neglecting border effects. In absorption the convective

nature of the heat exchange allows us to consider the temperature con-

stant for the liquid PCM. Conversely in desorption, due to the conductive

nature of the heat transfer we discretize the PCM into two sub-domains:

one solid and one liquid. We apply the Buckingham theorem to reduce

the number of parameters which influence the physical phenomenon. By

employing such procedure we obtain 13 non-dimensional numbers which

totally describe the MH-PCM system operation.

We utilize such methodology to assess the impact of the salient geo-

metrical and thermo-physical parameters on a baseline design MH-PCM

system [144]. Then we evaluate and characterize the optimal configura-

tion. According to the results, the main aspect ratio of the canister (L/d)

and the PCM relative thermal conductivity (kPCM/kMH) are the most in-

fluential parameters. In fact, we observe that thin and long canisters are

more efficient at exchanging heat. Likewise, a high PCM relative ther-

mal conductivity has a notable impact on the process, especially during

desorption. The non-dimensional latent heat of fusion of the PCM (λ∗)

follows as one of the most important parameter, although it only has an

impact on the discharge phase. Finally, by starting from the baseline de-

sign we evaluate the optimal configuration, which is designed by analysing

the impact of each of the non-dimensional parameters. Results show that

a LaNi5/LiNO3 − 3H2O system for the storage of 1 kWh of H2 exhibits

7.05 kW and 0.73 kW of average power in absorption and desorption, re-

spectively. If compared with the baseline design, the optimal configuration

is 92 % faster in absorption and desorption, since the total process time is

reduced from 1220 minutes to 96 minutes.

This work fits into the heterogeneous field of the material-based hydro-

gen storage methods, with the aim to further characterize the functioning

of the MH-PCM systems. For what concerns further possible applications,

in our vision we could: (i) insert the optimal configuration in a more com-

plex and wide environment (e.g. a multi-energy system), (ii) repeat the

analysis for different shapes and geometry (e.g. the spherical geometry),

(iii) remove the material constraint, in order to collect data on different

metal hydrides (i.e. study the impact of the gravimetric density on the

system performance), (iv) extend and complete the analysis by using a
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enhanced PCM with carbon nanoparticles or metal foams.



Conclusions

This thesis studies through modeling, design, and optimization oper-

ations the performance and the economic and environmental benefits of

innovative multi-energy systems. In particular, different aspects of indi-

vidual elements are investigated with a broader perspective focused on

their inclusion in a distributed generation context. All the analysed tech-

nologies show interesting potentialities in order to achieve the declared

climate neutrality.

Chapter 1 evaluates the environmental and economic impact of the

integration of a Li-Ion battery-based electricity storage in a residential

context, for different climates and with different battery capacities. The

results show that sizing the lithium-ion battery based on the variation of

the self-consumed renewable energy yields a sustainable investment for all

climates. In particular, a relative battery capacity 1.5 h < Θ < 3.5 h is the

best solution from an energy and economical point of view. The selected

design criterion provides a pay back period between 1.8 years (moderate

climate) and 4.7 years (cold climate). Moreover, from a techno-economic

perspective, lithium-ion batteries are better suited for daily energy stor-

age rather than seasonal storage. In fact, they efficiently fill the time lag

between demand and production on a daily time scale. On the other hand,

lithium-ion battery costs gathers unsustainable investments for seasonal

storage also considering any foreseeable battery cost reduction. Opti-

mized building-level battery storage cannot fill completely the temporal

mismatch between production and usage. As a consequence, different

technologies (e.g. electric mobility) should be also considered to locally

consume all the energy produced by the photovoltaic.

Chapter 2 studies a comprehensive peer-to-peer charging strategy ex-

ploiting the existing infrastructure in a building environment. In par-

ticular, this condominium system for shared charge of electric vehicles

implements a rule-based logic and a pricing policy aimed at the intelligent
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use of the available energy and infrastructures. Such a system could be a

crucial element of energy communities. Realistic case studies demonstrate

the effectiveness of the proposed system, that lowers the cost of the electric

vehicles charge and the grid usage. In particular, it is possible to reduce

the energy community charging cost between 51% and 63% with respect

to publicly available slow charging station (i.e. Enel X®), depending on

the season and on charging strategy. Such results are obtained also reduc-

ing the energy withdrawn from a charge-dedicated electric line between

56% and 96% and increasing the photovoltaic self-consumption from 4%

to 14%.

Chapter 3 assesses the conversion of a commercial electric moped

(Askoll eS3
®) in a fuel cell hybrid-light electric vehicle. The optimal

design of the components is found through an optimization methodol-

ogy based on backward dynamic programming. Such optimal design and

operation strategy can be also implemented with a rule-based approach.

Results show that a system composed of a 1 kW proton exchange mem-

brane fuel cell, a 2000 Sl metal hydride hydrogen tank, and a 240 Wh buffer

battery can cover the same driving-range of the batteries in the electric

moped (119 km). Such hybrid system occupies considerably less volume

(almost 40 l) and has a negligibly higher mass. The free volume can be

used to extend the driving-range up to almost three times the nominal

value. Moreover, using high pressure composite tank it is possible to in-

crease the mass energy density of the onboard energy storage, even if the

compression can require up to 10 % of the hydrogen chemical energy. The

fuel cell hybrid electric vehicle can be recharged with green hydrogen lo-

cally produced. In detail, a residential and a shared mobility scenarios

in the small Italian city of Viterbo are analysed. In both cases, the lo-

cal green hydrogen production from photovoltaic system is sufficient on a

yearly basis to satisfy the mobility energy requirements.

Chapter 4 evaluates a non-dimensional methodology to characterize

the operation of several cylindrical metal hydride-phase change material

hydrogen storage tank layouts and to determine the optimal configuration

in terms of charge/discharge time and power. Especially, the Buckingham

theorem is used in order to obtain 13 non-dimensional parameters which

completely describe the process. The proposed methodology is applied to

assess the impact of such parameters on a baseline design metal hydride-

phase change material system. According to the results, thin and long

canisters are more efficient at exchanging heat. Likewise, a high value
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of ratio between the thermal conductivity of the phase change material

and the metal hydride has a notable impact on the process, especially

during desorption. Moreover, Results show that a LaNi5/LiNO3 − 3H2O

system for the storage of 1 kWh of H2 exhibits 6.63 kW and 0.85 kW of

average power in absorption and desorption, respectively. Such optimal

configuration is 91 % faster in charge/discharge process respect to the

baseline design, since the total time is reduced from 970 minutes to 85

minutes.
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drogen mass flow rate (ṁH2) versus electrical power (PFC),

b) efficiency (ηFC) versus electrical power (PFC), and c) ef-

ficiency (ηFC) versus set-point (ΦFC). . . . . . . . . . . . . . 81

3.5 Optimized fuel cell power PFC (orange curve) and buffer

battery power PBB (purple curve) as a function of time for

the driving cycle class 1 WLTC in Figure 3.5. . . . . . . . . 83

3.6 Characterization of the buffer battery: a) produced energy

from the fuel cell eFC (orange curve), consumed energy from

the moped ePB (black curve), and quantity of stored energy

cBB (purple curve) as a function of time; b) state-of-charge

as a function of time. . . . . . . . . . . . . . . . . . . . . . . 85

3.7 Required primary power PP (red curve), required primary

power with buffer battery PPB (black curve), and primary

power produced by the fuel cell PFCB (magenta curve) as

a function of time for the driving cycle class 1 WLTC in

Figure 3.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.8 Hourly energy consumption of an apartment in the city of

Viterbo (heating based climate [224]). . . . . . . . . . . . . 90

4.1 The MH-PCM system configuration. . . . . . . . . . . . . . 97

4.2 The whole process in the MH-PCM storage system. . . . . . 98

4.3 The MH domain discretization [from b = 0 (vessel core) to

b = b1 (MH-PCM interface).] . . . . . . . . . . . . . . . . . 101

4.4 Scheme of the discretized PCM domain at two different time

steps, according to [297]. . . . . . . . . . . . . . . . . . . . . 103

4.5 P∗ as a function of φ for different values of Π2 in absorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 106

4.6 P∗ as a function of φ for different values of Π7 in absorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 107

4.7 P∗ as a function of φ for different values of Π9 in absorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 107

4.8 P∗ as a function of φ for different values of Π10 in absorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 108

4.9 P∗ as a function of φ for different values of Π11 in absorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 108



LIST OF FIGURES 129

4.10 P∗ as a function of φ for different values of Π12 in absorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 109

4.11 P∗ as a function of φ for different values of Π2 in desorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 110

4.12 P∗ as a function of φ for different values of Π7 in desorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 110

4.13 P∗ as a function of φ for different values of Π9 in desorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 111

4.14 P∗ as a function of φ for different values of Π10 in desorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 111

4.15 P∗ as a function of φ for different values of Π11 in desorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 112

4.16 P∗ as a function of φ for different values of Π12 in desorption

with Fo in colorbar. . . . . . . . . . . . . . . . . . . . . . . 112

4.17 Comparison between baseline and optimal configuration for

the (a) Absorption phase and the (b) Desorption phase. . . 115

4.18 Comparison between the baseline and the optimal configu-

ration for the (a) Absorption phase and the (b) Desorption

phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.19 Temperature distribution and solidification front evolution

for 4 different values of φ in the baseline and optimal con-

figuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118





List of Tables

1.1 Relevant properties of the selected building reported in the

“Casaclima” energy certificate. . . . . . . . . . . . . . . . . 19

1.2 Relevant properties of the Li-Ion pouch cells, according to

IEC 62660− 1 [223]. . . . . . . . . . . . . . . . . . . . . . . 19

1.3 Heating and Cooling Degrees Days and representative cities

for each IEA climatic zone [224]. . . . . . . . . . . . . . . . 20

1.4 Consumption data obtained, measured, and reported in the

“Casaclima” energy certificate for the residential building

in the Heating based climate. . . . . . . . . . . . . . . . . . 24

1.5 Building energy consumption for each climate. . . . . . . . 29

1.6 Relevant properties of the PV system as a fucntion of climate. 30

1.7 Average annual State of Charge and renewable electricity

self consumption for Θ = 3.5 h. . . . . . . . . . . . . . . . . 35

2.1 Specific energy costs based on the source. . . . . . . . . . . 50

2.2 Relevant properties of the selected electric vehicles [240,

256, 257]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.3 Selected origin and departure times on weekdays. . . . . . . 61

2.4 Selected origin and departure times on weekend days. . . . 61

2.5 Charge-dedicated electric line energy requirements aggre-

gated for the three users. . . . . . . . . . . . . . . . . . . . 67

2.6 Photovoltaic self-consumption percentage aggregated for the

three users. . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.1 Relevant properties of the Askoll eS3
® [267]. . . . . . . . . 75

3.2 Relevant properties of the Askoll eS3
® batteries [268]. . . . 75

3.3 Characteristics of commercially available 1 kW and 2 kW

air-cooled PEMFC stacks [275, 276]. . . . . . . . . . . . . . 81



132 LIST OF TABLES

3.4 Characteristics of commercially available metal hydrides

tanks [279] filled with AB2 alloy. . . . . . . . . . . . . . . . 82

3.5 Emissions of conventional means of transportation for yearly

average commute of a student in Viterbo [291]. . . . . . . . 90

4.1 Non-dimensional parameters of the model. . . . . . . . . . . 105

4.2 Baseline and optimal non-dimensional configurations of the

case study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.3 Thermo-physical properties of LiNO3 − 3H2O. . . . . . . . . 116



Bibliography
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