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Abstract

The electrification of final uses refers to the process of substituting fossil-based
technologies with electricity-driven ones to exploit the renewable energy source
(RES) production to decrease the CO; and pollutant emissions. Is a complete switch
to electricity the right solution? What are the real benefits of this solution today?
And what will they be in a future dominated by renewable energy sources? The first
major synergy between the electricity and heat sectors is found in district heating
systems. Simulations of different solutions for lowering the temperature in heat grids
have been carried out to show that the interaction with heat pumps does not always
seem to improve these two indices. In fact, the developed simulation, decreasing
temperature (towards 60°C) in already built networks seems to have the potential to
reduce energy losses and consumption while maintaining the indoor temperature in
an acceptable range. Indeed, if the building is well insulated and/or new construction,
60 °C can be even too much. For this reason, the booster heat pump can play a major
role in keeping the temperature level of the network ring lower (towards 45-50°C)
and boost up the temperature just where it is needed. From the simulated cases, this
can be an effective solution, but it presents a drawback. In fact, the solution with
HP presents higher primary energy consumption (about 30%) and higher carbon
dioxide emissions (in a range of 140 to 227 tCO; more) with respect to the 60°C
cases. But this outcome may be related to the usage of average coefficients (primary
energy factor and CO,-factor) which can be no longer valid in a time of strong energy
transition. The actual consumption data of different real heat pump installations were
matched with hourly energy production data for 10 different European countries.
The actual HP consumption mix is compared with the annual generation mix of
each country to assess the extent to which an hourly analysis differs from an annual
average and whether the additional data requirements are justified by the more
accurate results that can be obtained. The results do not provide any particular
differences from the averages under the working hypothesis (about 5-6% difference),
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although some peaks do ring alarm bells for the near future: likely, the average values
will no longer be representative of reality in a short time, as the share of renewable
energies increases rapidly. Then, according to IEA estimates, cooling will be the
most energy-intensive sector by 2050. Countries with hot, humid, and summery
climates all year round are equipping themselves with air conditioning and cooling
systems at an exponential rate. This leads to high loads on the electricity grid and
higher emissions of refrigerant gases, which affect the greenhouse effect and are
generally harmful to the environment. Adsorption refrigeration systems can offer
some advantages to limiting energy consumption and improving the management of
high humidity in summer in equatorial climates. The ReCognition project (H2020-
LC -SC3-2018) has developed and integrated renewable technologies to improve the
energy efficiency of buildings and local energy consumption. In this dissertation,
the development of a prototype for cooling (HySun) based on adsorption is reported.
The main objective of HySun is to improve efficiency compared to traditional
compression cycles and to work with multiple sources and multiple energy vectors
to generate cooling power and drive the regeneration cycle. This system has been
designed and implemented. First, a coating technique has been implemented and
tested to verify the performance of coating which has been found to be lower than
the pure material, but still with a large possibility to improve. Moreover, a simulation
code was developed to understand HySun behaviour and the dependencies of the
variables. A parametric analysis and a dynamic simulation show the possibilities
of the system as well as some disadvantages that must be considered in the real
operation of the prototype. Temperature levels, such as the one used in the developed
simulation, allow the integration of several renewable energy technologies for the
adsorption and regeneration phases, which is important from the point of view of
increasing renewable penetration. The developed simulations present important
results as the HySun prototype seems to outperform the market compression cycle.
In fact, the estimate COP varies between 2.85 and 5.2, which are peak values for
commercial units. One of the major drawbacks of this type of system is that, given
the non-linear behaviour of the adsorbent material, precise and targeted control
must be envisaged to ensure a constant and stable cooled airflow. In summary,
this dissertation shows that choices in heating, cooling and mobility could have a
major impact on the electricity sector. Cooperation between traditional heating and
electrification could provide stable and profitable results. Special attention needs to

be paid to cooling, which is expected to be the ruler of electricity consumption in
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the near future. Adsorption systems, like HySun, can be fundamental to increase the

efficiency of the whole sector.



Contents

List of Figures xi
List of Tables xviii
Nomenclature XX
1 Electrification of Final Uses 1
2 Heating and Electricity: possible collaboration points 9

2.1 From District Heating to Smart Energy System . . . . .. ... .. 9

2.2 Modernization of today Thermal Grid and High Energy Related Users 15

2.2.1 Methodology . . .. ... ... ... .. ... .. ..., 16
222 CaseStudies . . . .. .. ... o 20
223 Results . ... .. . 23
2.24 Booster HeatPumps . . . .. ... ... ... ....... 27
225 Conclusions . . . . . ... 29
2.3 Heat pumps electricity Consumption: Effective Energy Mix Con-
SUMPLION . . . o v v e e e e e e e e e e e 31
2.3.1 Methodology . . ... .. ... ... ... ... . ..., 39
232 Results . . ... ... 41

2.3.3 A comparison with electric mobility . . . . ... ... ... 46



Contents

ix

3 Recognition EU Project and the HySun prototype

3.1 The Recognition Project . . . . .. ... ... ...........
3.1.1 TheReCObjective . . . . . ... ... ... .. ......

3.2 HySun: The Hybrid-Solar Cooling Prototype . . . .. . ... ...
3.2.1 Adsorption fundamentals . . . . . . ... ... ... ...
322 Adsorbents . . .. .. ... ...

3.3 ThePrototype . . . . . . . . ...
3.3.1 Project, Schemes and Working Principles . . . .. ... ..

34 SilicaGelCoating . . . . . .. .. ... ..
34.1 Coating Recipe and Fundamentals . . . . ... ... .. ..
3.4.2 Aluminium plates: adsorption and regeneration tests

343 HXDryingMachine . . ... ... .. .. .........

Dynamic Simulation of the Adsorption Process

4.1 Main Adsorption Process Models . . . . . .. ... ... ......
4.1.1 Langmuirmodel . ... ... ... ... ... ...,
4.1.2 Dubinin-Polanyimodel . . . . . . .. ... ... ... ...

4.2 Developed AdsorptionModel . . . . . ... ... ... .......
4.2.1 Numerical Equations . . . . ... ... ...........
4.2.2 Auxiliary Equations . . . ... ... ... oL

4.3 Literature Comparison - A Model Validation . . . . . . .. ... ..

4.4 Parametric Analysis . . . . .. ... Lo
4.4.1 Performance Coefficients . . . . . . ... ... ... ....
4.4.2 Results of the parametric analysis . . . . .. ... .. ...

4.5 Dynamic Simulation for TurinCity . . . . . . ... ... ... ...
4.5.1 InputParameters . . ... ... ... ... .........

452 Results . . . . . s

52
52
53
56
57
59
62
65
73
73
75
79



X Contents
4.5.3 Influence of switchtime . . . .. ... ... ........ 140

4.5.4 Influence of airflowrate . . . . .. ... ... ... ..., 143

5 Conclusions 148
References 153
Appendix A Heat Pump Profiles and Electricity Energy Mix 165
Appendix B Adsorption model 175
B.1 Convergenceanalysis . . . . . .. ... ... ... ......... 175
B.2 Parametric Analysis . . . . . ... ... o 177
B.2.1 Heat ExchangerLength. . . . . . ... ... ........ 177

B.3 HySun and Dryer: Scheme and Drawings . . . . . ... ... ... 179



List of Figures

1.1

1.2
1.3

1.4

1.5

2.1
2.2
2.3

24
2.5
2.6
2.7
2.8
29

Annual population increase and relative projections, divided by

specific countries. Author’s elaboration from [1]. . . . . . ... .. 2
Global Electric passenger car stock. Author’s elaboration from [8] . 3

Installed HP stock trend for selected countries. Author’s elaboration
from [15] . . . . . . . 5

(Left) Global AC unit stock from 1990 to 2020 and projection to-
wards 2050. (Right) Share of global electricity demand growth to

2050. Author’s elaboration from [18] . . . . . . . . . ... ... .. 6
Share of latent load in a traditional compression cycle with respect

to the sensible one. Author’s elaboration of data from [21] . . . . . 7
Evolution of District Heating System [31] . . . . .. ... ... .. 10
Specific emissions for DH with allocation methods and for GB . . . 13

Specific emissions for DH with allocation methods and for GB -

Detail of minor contribution . . . . . ... .. ... 0oL, 14
Modelica model of the typical User [23] . . . . . . ... ... ... 17
Modelica model of simulated system [23] . . .. ... .. .. ... 19
Plant Load profile: comparison for the different use cases. . . . . . 24
Indoor temperature: comparison for the different use cases. . . . . . 24
setpoint Factor comparison across the different solutions . . . . . . 26

Schematic representation of the distributed HP [23] . . . . . . . .. 27



xii

List of Figures

2.10

2.11
2.12

2.13

2.14

2.15

2.16
2.17
2.18

2.19

2.20
2.21

222
2.23

224

3.1
32
33

Comparison of annual performance of HP and different supply tem-
peratures [23] . . . . ... 29

Primary Energy Consumption of the different strategies [23] . . . . 29

Electricity Generation share by source. Author’s elaboration from

[75]. "Other" represent Biofules, waste and not fully verified data. . 32

Monthly RES share variation for selected US states. Author’s elabo-
ration from [81] . . . . . . . . . ... 34

Monthly RES share variation for selected EU countries. Author’s
elaboration from [82] . . . . . . . . . .. ... ... 35

Average electricity mixes in 2019 on an annual basis in different

European countries [28] . . . . . . . . ... oL 36
Average Heat Pump electrical load from [83,27] . . ... ... .. 38
Average Heat Pump electrical load from [27,84] . . ... ... .. 39

ITALY - electricity production mix compared with the electricity

consumption mix of the different HP systems . . . . . ... .. .. 42

Austria - Monthly variation of the energy mix share and the HP

consumption share [27] . . . . . . ... ..o o L. 43
C3 Load profiles with respect to different countries [27] . . . . . . . 45

ITALY - Monthly variation of the energy mix share and the HP

consumptionshare . . . . .. ... ... oL oL, 46
Different EV charging profiles [28] . . . . . . . .. ... ... ... 48

Comparison of direct hourly emission factors in selected European

COUNTIIES. . v v v v o o e e e e e e e e e e e e s e e e 49

Variability of annual emission factors of EV charging in each country

(with variable year and charging profile). . . . . . ... .. ... .. 50
Recognition Work Packages . . . .. ... ... ... ....... 56
Typical Adsorption Isotherm Shape [116] . . . ... ... ... .. 59

Silicagel grains . . . . . . . . .. .. ... ... .. 59



List of Figures xiii

34

3.5
3.6
3.7

3.8
39

3.10
3.11
3.12
3.13
3.14
3.15
3.16

3.17

3.18
3.19
3.20
3.21
3.22
3.23
3.24

4.1

a) Primary unit of zeolites types A, X and Y; b) unit cell of zeolites

type A; c¢) unit cell of zeolites types Xand Y . . . . . ... .. ... 61
Activatedcarbon . . . .. ..o 61
Activated aluminapellets . . . . . .. ... ... L. 61

Typical equilibrium adsorption isotherms of water vapor for various

adsorbent materials at 25°C [118] . . . . . . . ... ... ... .. 62
Block Diagram of the Solar Hybrid Cooling System . . . . . . . .. 63
Process air transformation. Classic Compression cycle (red) against

the theoretical HySun transformation (blue) . . . . . . .. ... .. 64
CAD scheme of the Solar Hybrid Cooling System . . . . . ... .. 66
CADscheme: Legend . . . . . . ... ... ... ... ....... 67
Water and Air flow with active components and sensors location . . 70

HySun Adsorption Unit. 3D assembly from SolidWorks Software. . 71
Adsorption Unit. Real Prototype picture . . . . . . ... ... ... 71
Adsorption Unit. Real Prototype picture . . . . . .. ... .. ... 72

HySun Adsorption Unit, CAD scheme. Extrapolation from the main
CADinfigure 3.10 . . . . . .. .. ... Lo 72

Heat Pump Detail, CAD scheme. Extrapolation from the main CAD
infigure 3.10 . . . . . .. 73

(a) Aluminium testing plate with coated surface, (b) mixture in progress 75
AdsorptionBoxes . . . . . ... Lo 76
Kern KB 360-3N . . . . . . . . . ... .. 76

Adsorption tests: experimental results for different tested conditions 77

Heat Exchanger drying machine . . . . . ... ... ........ 80
DryingMachine . . . . . . . ... ... Lo 81
Drying Machine: HX chamberdetail . . . . . ... ... ... ... 82

Pictorial representation of the Mass diffusion through pores . . . . . 88



Xiv List of Figures
4.2 Electrical Equivalent of the mass transfer resistance . . . . . . . .. 88
4.3 Electric resistance scheme for thermal resistances between silica gel

andwater . . . ... 92
4.4  Adsorption Isotherm for silica gel formmodel . . . . . . . ... .. 100
4.5 Outlet Air temperature comparison [135]. . . . . .. . ... .. .. 101
4.6 Humidity ratio comparison [135] . . . . . . . ... ... ... ... 101
4.7 Outlet Air temperature comparison [136] . . . . . . . ... ... .. 105
4.8 Humidity ratio comparison [136] . . . . . . . ... ... ... ... 105
4.9 Adsorption heat exchanger geometrical configuration . . . . . . . . 107
4.10 (a) Temperature, (b) specific humidity of outlet air and (c) silica-gel

water uptake for different heat exchanger lengths . . . . . . . . .. 111
4.11 Instant COP,; variation during adsorption . . . . . . . . ... ... 113
4.12 (a) Sensible, (b) latent and (c) global cooling power for different

heat exchanger lengths . . . . .. ... ... ... ... ...... 114
4.13 Simulated Heat Pump powerload . . ... ... .......... 115
4.14 Overall Thermal COP and Water Heating Power during Regeneration 116
4.15 Average moisture removal as a function of heat exchanger length . . 116
4.16 (a) Temperature, (b) specific humidity of outlet air and (c) silica-gel

water uptake for different regeneration water temperatures . . . . . 117
4.17 Instant and average COP,; as a function of hot water temperature . . 118
4.18 (a) Sensible, (b) latent and (c) total cooling power as a function of

the regeneration temperature variation . . . . . . . .. .. .. ... 119
4.19 Heat pump electric power load as a function of regeneration temper-

AtUTE . . . . . L e e e e e e 120
4.20 Overall Thermal COP and Water Heating Power during Regeneration

with different the regeneration temperature . . . . . . . ... .. .. 121
4.21 Average moisture removal as a function of regeneration water tem-

PErature . . . . . . . . ... e e e e e e 121



List of Figures XV

4.22

4.23
4.24

4.25

4.26

4.27

4.28
4.29

4.30

4.31

4.32

4.33

4.34

4.35
4.36
4.37
4.38
4.39

Temperature, specific humidity of outlet air and silica-gel water

uptake for different cold water temperatures . . . . . ... ... .. 122
Instant and average COP,,; for different cold water temperatures . . 123

Sensible, latent and total cooling power for different adsorption

water temperatures . . . . . ... .. e e e e e e e 124

Heat pump electric power consumption for different adsorption water
eMPETAtUTES . . . . v v v v e e e e e e e e e e e e e e e 125

(a) Thermal COP, (b) Water Heating Power and (c) Average moisture

removal for different adsorption temperature . . . . . . . . .. . .. 126

(a) Temperature, (b) specific humidity ratio of outlet air and (c)

silica-gel water uptake as a function of air velocity . . . . ... .. 127
Instant and average COP,; as a function of air velocity . . . . . .. 128

(a) Sensible, (b) latent and (c) total cooling power as a function of
airvelocity . . . ... L 129

(a) Fan and (b) heat pump electric power for different air stream

VeloCItIES . . . . . . e 130

(a) Thermal COP, (b) Water Heating Power and (c) Moisture removal
effectiveness for different air stream velocity . . . . . ... ... .. 131

HySun COP comparison with respect to different market ready HP
technologies. . . . . . . . . . ... 132

Temperature (a), specific humidity ratio (b) of outlet air and silica-gel

wateruptake (C) . . . . . . ... 136

Outlet air temperature and specific humidity ratio for the complete

SYSIEM . . . . L e e e e e e 137
Sensible cooling power . . . . . . ... ... L 138
Latent cooling power . . . . . .. .. ... ... ... 138
Total coolingpower . . . . . .. ... ... ... 139
Average outlet air temperature for different switch times . . . . . . 140

Average air moistureremoval . . . . ... ..o oL 141



xvi

List of Figures

4.40 Sensible (a), latent (b) and total (c) cooling power as switch time varies 142

4.41 Average outlet air temperature for different air flow rates . . . . . .
4.42 Average air moisture removal for the investigated air flow rates . . .

4.43 (a) Sensible, (b) latent and (c) total cooling power for the investigated

airflowrate . . . . . . ..

A.1 POLAND - electricity production mix compared with the electricity

consumption mix of the different HP systems . . . . . ... .. ..

A.2 GERMANY - electricity production mix compared with the electric-
ity consumption mix of the different HP systems . . . . . . . .. ..

A.3 AUSTRIA - electricity production mix compared with the electricity

consumption mix of the different HP systems . . . .. ... .. ..

A.4 IRELAND - electricity production mix compared with the electricity

consumption mix of the different HP systems . . . . . .. ... ..

A.5 SWITZERLAND - electricity production mix compared with the
electricity consumption mix of the different HP systems . . . . . . .

A.6 DENMARK - electricity production mix compared with the electric-

ity consumption mix of the different HP systems . . . . . . . .. ..

A.7 FRANCE - electricity production mix compared with the electricity

consumption mix of the different HP systems . . . . . .. ... ..

A.8 NETHERLANDS - electricity production mix compared with the
electricity consumption mix of the different HP systems . . . . . . .

A.9 UNITED KINGDOM - electricity production mix compared with

the electricity consumption mix of the different HP systems . . . . .

B.1 Maximum air outlet temperature during adsorption and computa-

tional time as a functionof Az . . . . . . . ... ... ..

B.2 Maximum air outlet temperature during adsorption and computa-

tional time as a functionof A . . . . . . . . . .. ... ... .. ..

B.3 Average COP,; variation . . . . . .. ... ... ... .......



List of Figures Xvil

B.4 (a) Fan and (b) water pump electric power request for different heat
exchangerlengths . . . . . . ... ... ... ... .. ... 178
B.5 HySun COP comparison with respect to different market ready HP
technologies. Cooling Output Power Limited to SkW . . . . . . .. 178
B.6 Adsorption Unit. Real Prototype . . . . . ... ... ........ 179
B.7 Adsorption Unit. Real Prototype . . . . . . ... ... ....... 180
B.8 CAD scheme: Auxiliary Cooler connection(left) and Heater (right) . 181
B.9 3D scheme of the drying machine . . ... ............. 182
B.10 Dryer Machine . . . . .. ... ... ... ... ... ... ... 183

B.11 Dryer Machine . . . ... .. .. ... ... .. .. .. ...... 184



List of Tables

2.1
2.2
2.3
24

2.5

3.1

3.2
33
34
3.5

3.6

4.1
4.2
4.3

4.4

Annual energy performance of the differentcases . . . . .. .. ..
CO, emission factors for the different energy sources . . . . . . ..
Summary of the different EF and their variation for the HP systems .

Emission factors for electricity generation from different sources
[70,85] . . o

Variation of annual emission factors over charging profile and years

foreachcountry . . . . . . .. .. ... Lo

Barriers and Opportunities for further development of RES integra-

tion and improvement in the buildings sector . . . . . . .. .. . ..
Sum-Up table reporting the project partners and theirrole . . . . . .
Main HySun Components. Please, refer to figure 3.10 . . . . . . . .
Theoretical coatingrecipe . . . . . . . . . . .. ... ... .....

Water Uptake comparison between pure Silica Powder and Coated
Silica . . . . . . e

Main sample and coatingdata . . . . ... ... ... L.

Experimental conditions from [135] . . .. ... ... ... ....
Experimental conditions, reference [136] . . . . . .. ... ... ..

Input Parameters for Silica-Gel Layer and Geometrical Shape of the



List of Tables Xix

4.5 Heat Pump Technical Data. An Example of available observation
from [137]. . . . ... o 134

4.6 External Input Conditions . . . . . . . .. ... ... .. ...... 135

477 Air and water flow conditions . . . . . . . . . ... ... ... ... 135



Nomenclature

Greek Symbols

o ratio of heat exchange area on air side to heat exchanger volume [m ']
B friction factor [-]

n efficiency [-]

p density [kg m—3]

o ratio of minimum free flow area to frontal area [-]
Ty tortuosity factor [-]

€ porosity [-]

Subscripts

a air

b adsorption battery

0 initial condition

s silca-gel

w water

Other Symbols

AP pressure drop [Pa]

G mass transfer rate [kg m3 s



Nomenclature

xxi

m mass flow rate [kg s~

QOcool  cooling power [W]

1% volumetric flow rate [m> s~ !]

W,;  electric power [W]

A area [m?]

a specific area [m> m ]

A, minimum free flow area [m?]

Ajpe  heat exchange area [m?]

COP,; electric coefficient of performance [-]
COP,;, thermal coefficient of performance [-]
dy, hydraulic diameter [m]

d; pipes inner diameter [m]

D,,  molecular diffusivity [m s~

D, surface diffusion constant [m s~ !]
d, pipes outer diameter [m]

Dy surface diffusivity [m s~']

D.rr effective diffusivity [m s~

Dy,  Knudsen diffusivity [m s—!]

dv Infinitesimal volume [m°]

dz Infinitesimal length [m

e enthalpy [J kg=! K]

f friction factor [-]

h convective heat transfer coefficient [W m~2 K 1]



xxii Nomenclature
hy convective mass exchange coefficient [kg m=2 s
H,4s heat of adsorption [J kg, ']

k thermal conductivity [W m~! K1

Ky  mass transfer coefficient [m s

K, overall mass transfer coefficient [kg m=2 s
L, pipes length [m]

L, adsorption battery width [m]

L, adsorption battery height [m]

L, adsorption battery length [m]

N, number of pipes [-]

Nu  Nusselt number [-]

P pressure [Pa]

Pf fin pitch [m]

R gas constant [JK~'mol ']

p average pore radius [m]

Re Reynolds number [-]

RH  relative humidity [-]

Sc Schmidt number [-]

Sh Sherwood number [-]

T temperature [°C]

t time [s]

tg silica-gel layer thickness [m]

U global heat transfer coefficient [W m~2 K~!]



Nomenclature

xxiii

X
X

v

velocity [m s—H

water uptake [kg,, kg;l]
specific humidity [kg, kgafl]
longitudinal fin pitch [m]
transversal fin pitch [m]

volume [m]

Acronyms / Abbreviations

AC

ACC

ADS

AHX

CHP

Air Conditioning

Air Conditioning and Cooling
Adsorption

Adsorption Heat Exchanger

Combined Heat and Power

CO2EF CO; Emission Factor

DH

DHS

EIA

EU

EV

GB

HC

HP

HX

IEA

District Heating

District Heating System

Energy Information Administration
European Union

Electric Vehicle

Gas Boiler

Heating and Cooling

Heat Pump

Heat Exchanger

International Energy Agency



XXiv

Nomenclature

LCF

Life Cycle Factors

LTDH Low Temperature District Heating

NGCC Natural Gas Combined Cycle

PEF

ReC

RES

RET

SCP

SDG

TAC

™Y

TSO

WHR

Primary Energy Factor
ReCognition

Renewable Energy Source
Renewable Energy Technology
Specific Cooling Power
Sustainable Development Goal
Thermally-Driven Air Conditioning
Typical Meteorological Year
Transmission System Operator

Waste Heat Recovery



Chapter 1
Electrification of Final Uses

The Earth population is growing year by year and it is forecast to reach 8.5 billion
in 2030 and 10.9 billion in 2100 [1]. As reported in the following figure, selected
areas of the world are at the lead of this exponential growth. In fact, Asia and
sub-Saharan Africa will be at the lead of the projected growth, even if with different
growth rates between Africa and Asia. Specifically, more than half of the increase
in global population (to 2050) is expected to come from just 9 countries: India,
Nigeria, Pakistan, Democratic Republic of Congo, Ethiopia, The United Republic of
Tanzania, Indonesia, Egypt and the United States of America (USA).
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Fig. 1.1 Annual population increase and relative projections, divided by specific countries.
Author’s elaboration from [1]

It 1s important to notice that the fastest growing countries are also the least
developed (African countries, Indonesia, etc.) or the ones which are experimenting a
rapid growth rate, as India. This means that demographic and economic growth will
proceed side by side in those areas, leading to great economic and environmental
pressure and challenging policy makers and governments to ensure a sustainable
development, following the Sustainable Development Goals (SDGs) set by the
United Nations [1, 2]. SDGs are pushing a 360° sustainability. In particular, for
energy, it is pushing for higher efficiency, clean energy (especially in cities) and
more renewable energy for final uses. A well known solution is the electrification.
The electrification of final uses refers to the process of substituting fossil-based
technologies with electricity-driven ones in order to exploit the renewable energy
sources (RES) production to improve efficiency and decrease the CO; and pollutant
emissions [3]. The climate change related issues are pushing the carbon intensive
sectors toward this solution contributing to the steep growth rate of the electricity
vector presence in global final energy consumption which moves from 15% in 2000
to 19% in 2017 and it is expected to reach 25-30% by 2040 depending on the



different scenarios depicted by the International Energy Agency (IEA) [4, 5]. The
transport and the heating and cooling (HC) sectors are at the lead of this rise, driven
by dedicated policies and incentive schemes in large part of the developed world as
they still heavily rely on fossil fuels [6, 4].

Electric Vehicles

Electric vehicles (EVs) overcome the 10 million units on the road in 2020, according
to the IEA, doubling in just 3 years (2018 to 2020) [7]. Of course, the youth of this
technology in the mass-market makes it easy to have important growth-rates and its
distribution is unfair around the world as reported in figure 1.3. Nevertheless, EVs
are an important driving force for electricity consumption and peak power issue as it
is expected to dramatically increase in numbers.
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Fig. 1.2 Global Electric passenger car stock. Author’s elaboration from [8]
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Heating and Cooling

The HC sector is running on the same road as EVs in EU, shifting towards electricity
as main energy vector especially for heating. The heating sector represents the largest
energy sector in 25 out of 28 EU countries, followed by the electricity one, and still
it relies heavily on fossil fuels. Today, only 21 countries worldwide have sustainable
heating policies against the 114 that have electricity ones [9, 10] highlighting a lack
of consideration and knowledge about the impact of the heating sector. Large amount
of energy for heating purposes is spent in cities, which are responsible of around
70% of overall CO, emissions. Moreover, it is expected that cities will dramatically
increased their citizens numbers, leading to higher energy needs [11], and planning

specific policies is needed to contain the energy-related emissions.

Heat Pumps (HPs) are one of the promising solutions for the heating sector thanks
to their potentialities in reducing CO, emissions, which are very well know and
addressed in the literature [12, 13]. Despite HPs undeniable advantages, supporting
policies are quite new. In [14] the authors retrace the evolution of heat pumps
policies from 70’s to 2015 situation, which mark an important year for HP policies
[15]. It is highlighted that, even if the technical potentialities of this technology
are well demonstrated, socio-economic barriers always keep the boosting policies
for HP overshadow in favour of fossil fuels. Even in recent years, natural gas was
pushed at the expense of HPs in several countries. Today, many authorities from
local governments to national institutions are pushing towards this technology to
improve the efficiency of the heating and cooling sector. Even if global absolute
numbers about HPs market are extremely hard to find, due to the wide number of
applications and technologies under heat pump umbrella definition, is it possible to
see that in different areas of the world the volumes are running-up: in Europe the
annual sales, related to the building sector only, move from around 800k units in
2010 to over 1.4 million in 2019 [16] and this trend is expected to increase also due
to the multiple incentive policies in place in all the EU member countries [17]. In
the USA around 45% of the newly constructed buildings have HP as main heating
technology while in China HP water heaters sales have tripled in the last 10 years
[15]. Even if today only 5% of the residential heat demand is covered by HP [15],
this technology is at the center of policies around Europe [17] and the world [3] and
their heating coverage, in the building sector, is expected to move towards 20% in
2030 [15].
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Fig. 1.3 Installed HP stock trend for selected countries. Author’s elaboration from [15]

Finally, the cooling sector, which is already today one of the major electrical
energy consumers and it is one of the fastest growing end-use in buildings, with a
3-fold increase between 1990 and 2016 and it is expected to be the leading share in
final energy consumption in 2050 [18, 19] as reported in figure 1.4. Already today, it
is basically fully electricity-driven [3, 18]. Focusing on residential AC units, today
EU is among the largest markets, together with the USA and Japan, with a final
energy consumption of 152 TWh (equal to 1.2% of the overall building final energy
use in 2016) [20, 19]. It is expected that this trend is going to continue in the near
and long-term future, guided by the world’s economic growth and the demographic

one.

As notable from fig. 1.4, it is likely that tropical and sub-tropical countries will
lead the cooling rise, with Indonesia, China, India and Africa having the future
leading role. In fact, more than any other areas in the world, they are rapidly
increasing their income, quality of life and the needs of more services and goods,
resulting into the increase of electrical appliances, including AC units. As previously



6 Electrification of Final Uses

highlighted, the Eastern part of the globe will be the leading energy consumer,
together with Africa, in the upcoming future.

Global AC unit stock and Share of global electricity demand growth to 2050
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Fig. 1.4 (Left) Global AC unit stock from 1990 to 2020 and projection towards 2050. (Right)
Share of global electricity demand growth to 2050. Author’s elaboration from [18]

This trend is going to overlap to the already intense use of cooling energy from
USA and and the rest of the developed countries. China, Indonesia and India are the
leading energy-growing countries and they present a hot and humid climate which is
a challenging condition for traditional chillers. In fact, high water content in the air
means low temperature at the evaporator side to effectively remove, by condensation,
the moisture in the supply air as reported in fig. 1.5. The figure represents the share
of energy related to the Latent Load in a traditional compression cycle for six of the
most developing cities in the world in terms of economy and population.
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Fig. 1.5 Share of latent load in a traditional compression cycle with respect to the sensible
one. Author’s elaboration of data from [21]

The above graph has been built starting from hourly temperature and humidity
data, for selected countries, taken from [21] for the years from 2010 to 2020 (11
years). The data have been processed in order to retrieve the theoretical energy
needs, as enthalpy difference, to bring the outside air from ambient condition to an
arbitrary inlet condition of 23°C and 50% relative humidity (which are the typical
inlet condition in Italy) taking into account an air flow rate of 1 kg/s. The latent
energy is the one needed to remove the water content (1-sat to 2-sat in fig. 3.9 while
the other two iso-title transformations (OUT to 1-sat and 2-sat to INLET) represent
the sensible part of the energy consumption. The first outcome of the graph is that
in 4 out of 6 cities cooling is required throughout all the year (Jakarta, Khartoum,
Lagos and Mumbai). The second one is that the water removal process is often
the largest slice of the total energy consumption of a traditional compression cycle.
These outcomes underline the nowadays and future importance of cooling energy
needs and the urgency of taking concrete action to effectively take under control the

cooling-related energy consumption.
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The electricity grids around the world are already experiencing stress periods
and frequent overloads, especially in summer. The expected increase in power
demand and the number of inefficient devices is posing important questions about
grid reliability and energy security. Indeed, in the USA where AC units are widely
adopted in households and service buildings, 70% of the summer peak demand is
due to air conditioning units and this situation is expected to spread around the globe
in the following years [19]. There is no doubt about the future role of the cooling
services in terms of human impact on Earth and policy action. Still, technology
improvements are expected to mitigate and shave the steep rise which is going
to happen. New building regulations and refurbishment incentives are pushing
toward more sustainable uses of energy, together with tight regulations on minimum

efficiency requirements, to decrease the overall energy demand.

In conclusion, it is worth just to mention also the great possibilities and challenges
for electrification of the industry sector and centralized heating and cooling systems.
Thus, less than 4% of the industrial heat process is delivered by electricity driven
technologies [4, 3]. This lack is mainly due to (i) difficulties in matching the needed
temperature levels, especially for heavy industries and (ii) cultural mismatch of
the already available solutions. In fact, industrial HP systems can already deliver
temperatures in the range of -100 °C to 150 °C (with specific temperature difference)
which are compatible with many industrial processes such as food and beverage and
the textile one. Finally, centralized systems, such as District Heating Systems (DHS),
can benefit from the integration with the electrical grid, creating the so called "Smart
Energy System" [22, 23]. This integration can have important benefits in terms of
energy efficiency, environmental impact [24] and can foster the implementation of
HPs systems in booster configuration [25] and to increase the efficiency of industries,
especially low temperature ones. This last paragraphs is just to quickly sum-up
other possible studies which can relate to this work and which can constitute future
investigation, but the specific industry application is out of the scope of this PhD

work.



Chapter 2

Heating and Electricity: possible
collaboration points

This chapter focuses on the possible interaction and collaboration between the
electricity network and the thermal sector in order to better exploit renewable energy
sources, waste heat recovery and decrease the overall CO, emissions. Part of the
results and methodology reported in this chapter has been already published in
previous scientific work from the author [23, 26-28].

2.1 From District Heating to Smart Energy System

District heating (DH) systems are a mature technology that offers numerous ad-
vantages for the heating and cooling sector in cities. A single heat network can be
connected to multiple generating units, including combined heat and power (CHP)
plants and waste heat recovery (WHR) from industry, increasing the efficiency of
the whole system. In addition, DH has in many cases enabled the integration of
renewable energy sources (RES) such as wood biomass and municipal solid waste
(whose organic content is often considered renewable) to support the decarbonisation
of heating and cooling in large cities.

DH systems were originally deployed during the oil crisis in the 1970s to improve
the efficiency of oil use due to the high price of oil. The unused heat from power

plants, treated as a waste product, became a useful resource for heating purposes [29].
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Today, due to environmental and climate concerns, waste heat recovery measures
and CO; pricing, they are receiving a second push[30] in order to further improve
the efficiency of heating and cooling systems. The configuration of water heaters has
changed over the years, from a single steam-based source (1*' generation) to multiple

RES and fossil sources with technical water as the energy vector (4! generation).
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Fig. 2.1 Evolution of District Heating System [31]

The total number of DH systems worldwide is estimated at 80,000 units with
about 600,000 km of piping [9]. Russia, China and the EU are the main regions
accounting for about 85% of the total heat supplied by DH systems. Globally, hot
water district heating systems still rely heavily on fossil fuels with 90% of heat
provided, while, in RES based network, biomass is the main fuel. In the EU, the
share of fossil fuels is 70%, mainly from CHP plants, which are mainly used in
the northern regions of the EU, in contrast to China and Russia [29]where their
full potential is still underestimated. Indeed, well-designed CHP plants can lead to
fuel savings and higher efficiency compared to separate heating and power plants
[32, 33], especially when supported by storage systems [34]. Even though hot water
systems have been developed to make better use of fuels and waste heat, waste heat
recovery (WHR) is not yet widespread. The northern regions of the EU have a high
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WHR share; for example, almost 100% of incinerators are connected to some grids.
Nevertheless, waste heat recovery, in different forms, is gaining momentum in China
and Russia [29]. In particular, industrial WHR 1s not widely used for various reasons,
such as the wide variety of temperature levels and non-constant production, which
limits the affordability and reliability of the system. However, recent studies are
investigating the possibility of connecting the growing data centre market with DH
systems. The derived heat, which is stable and constant, could be used as a heat
source for HPs or for direct use in DHS, as highlighted in [35, 36].

DHS provides 10% of the EU thermal energy demand [37] with the northern
countries of EU presenting large utilization of DH even with shares over 40% [38]. In
Denmark, more than 60% of the 2.75million Danish heat installations are connected
to DH, representing one of the higher shares in the world [39—41]. Chinese DHSs
predominantly rely on fossil coal [32]. Heat market directive still gives priority
to large coal CHP and boiler plants, especially in winter periods [42], to ensure
reliability on the electrical grid. The debate around DH systems in China is a main
issue nowadays. Back in 1950, the central government imposed the DH in the
northern part of the country, while the southern regions must use other distributed
technologies [43]. This is due to social, historical and technical problems. However,
it is under discussion the possibility to enlarge the area where DH can be operated
[43]. DH in USA is almost non-existent a part from the large steam-based DH system
in Manhattan which represent an important installation as it is one of the largest and
oldest system ever built. Nevertheless, strong possibilities are in place in the US
cities as in [38], where an analysis is conducted using GIS software. The results
show that around 12-14% of the national heat demand can be satisfied using DH. In
[44], the use of geothermal energy for DH in the USA is investigated and only 21
geothermal DH systems have been detected, for a total of 100 MW;. The authors
identify 3 main barriers for geothermal diffusion such as lack of knowledge and lack
of policies procedures. Lack of policies is one of the main barriers also in the UK,
where DH systems are not well regulated and widely known, even if different studies,

such as [45], show that benefits can be important.

As already pointed out, today the most used heat sources are conventional fossil
boilers and CHP plants. Besides them, heat pumps, waste heat and renewable
sources are getting more and more space [37]. CHP plants are widely used and
several publications describe the CHP+DH combination [46-50]. In [50], a real data

analysis is performed on a large district heating system in Turin, highlighting the
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great contribution of CHP plants on the overall thermal energy supply, and how the
consumer behaviour can improve or worsen the performance of the overall grid. In
order to be economically and energetically advantageous, DH systems have to be
properly designed, and this is particularly true when dealing with CHP technology
since the production of heat and electricity are in competition [51]. The higher
usage of electricity from HP can produce electricity price variations and an overall
reduction of DH operational costs. Nevertheless, the HP utilization can modify the

original CHP working schedule, decreasing its power output.

The environmental benefits of DH systems are well known, and the global
specific CO2 emission factor (kgco,/MJ) has almost been constant from 1990, even
if more and more users have been connected, meaning that efficiency of the systems
is growing. Between the largest users (China, EU, Russia), EU is the one that is
pushing more towards cleaner district heating systems, both for new and renovated
ones. In fact, the EU specific emissions decreased by 35% with respect to 1990
value [29], mainly due to the large use of CHP units that allows CO; reduction
if well operated [52, 46]. Nevertheless, it is important to carefully evaluate the
combination of DH plus gas fired CHP, because different allocation methods can
lead to different environmental and LCA impacts [26]. Indeed, the following study
has been carried out focusing on gas fired CHP units. Since DH systems based on
CHP units are producing electrical power and heat, attention needs to be payed to the
allocation of the emissions between the two energy vectors. Some methodologies,
as the Exergy one, give priority to the electricity allocation, and very few emission
output is charged to the heat. Other methods simply split the two energy forms with
a common weighted average, as the Energy method does [33]. In Figure 2.2 and
Figure 2.3 the Climate Change impacts calculated for the heat supply by DH or a
Gas Boiler (GB) unit are reported, in terms of kgCO2.q over useful kWh divided in
the different construction and operation phases of the system.

The overall impact in terms of GHG emissions for a single gas boiler (GB) equals
to 0.27 kgCO2,.q/kWh, while for DH it equals to 0.47 and 0.10 kgCO2.q/kWh for the
Energy and Exergy methodologies respectively. It is clear that the main contribution
derives from the natural gas combustion, followed by the natural gas import in
both cases. Since the system construction is irrelevant, the common practice of
considering operational data when evaluating climate change impacts is an acceptable

approximation.
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Fig. 2.2 Specific emissions for DH with allocation methods and for GB

As the diagram shows, the allocation method has a dramatic effect on the final
results, as the effect of DH heat can be lower or higher than that of the individual
natural gas boilers. In the case study [26] discussed, a large gap between the two
approaches can be seen. In fact, the exergy calculation strengthens the competitive-
ness of CHP by giving less importance to heat production and presenting CHP as a
key technology to reduce the emission factor of heat supply. In contrast, the energy
methodology proposes a less interesting emission factor for CHP heat supply, which
is much higher than the solution with individual boilers. Other variables such as the
reference temperature considered or the definition of the reference energy system in
the alternative generation methodology can also lead to different results. This large
variation is related to the perspective with which cogeneration is considered and an
appropriate choice of allocation factor is really important for the future development
of cogeneration technologies. It is worth noting that the above results apply to hot
water systems like the one in Turin, where CHP contributes to 95% of the total heat
supplied [53]. Nevertheless, other realities could have different production shares
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and important GB contributions for peak and low demand periods, affecting the

overall performance and efficiency.

However, the environmental and economical benefits of DH still need to be fully
exploited and the new generation [31] seems to step towards a better connection
between source, network and users. In fact, world policies are becoming more
stringent as they pose ambitious targets for all the energy chain from generation
to consumption [54]. Numbers of projects and activities are running in EU about
Heating and Cooling (H&C) sector[55] and DH is seen as a fundamental technology
to boost the decarbonization of H&C sector [9, 10]. The big challenge faced by
fourth-generation DH [31] is the need of lowering the operational temperature of DH
systems to foster the integration of additional technologies including solar energy,
heat pumps and low-temperature waste heat [22]. Moreover, the buildings sector
is facing huge changes, as the minimum energy performance level is stepping up,
leading to a higher presence of low temperature distribution systems, RES tech-
nologies for heating and cooling and smart electrical appliances at user side. All
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these modifications are pushing DH systems to evolve in what is called the “4th
Generation of District Heating System" (4GDHS) [31]. Lund et. al give the defi-
nition of 4GDHS as “a coherent technological and institutional concept, which by
means of a smart thermal grid assists the appropriate development of sustainable
energy system”, through the supply of low-temperature water, to decrease grid losses,
integrate RES and WHR, be part of the smart energy system and have a suitable
planning framework. In the next generation of DHS, the three subsystems have
to evolve to fulfil the 4" generation requirements. (i) Buildings: will face deep
renovation to decrease their energy consumption and auto-produce part of it. The
word “prosumer” [56] will be soon associated to DHS and, more in general, to
heating and cooling energy infrastructures. Moreover, increasing numbers of sensors
are needed in different zones to gather data for optimal control. In particular, con-
trollability and optimal scheduling require precise load forecast [57], as it represents
an important variable which can be of notable importance to efficiently operate the
system [50, 58]. (ii) Grid: insulated twin pipes made of cheap material will lead
to decreasing the energy losses and higher economic feasibility. Old grid could be
used as source for low-temperature ring [59], allowing for a step by step conversion
for old generations. (iii) Low distribution temperature opens the door to a wider
selection of heat generators such as solar thermal systems [56, 60—-62] and Waste
Heat Recovery with/without HPs as booster technology [35, 36, 59]. The effective
integration of different resources is the key to move towards a more sustainable and
clean energy dispatching along the grid. Moreover, the design and the construction
of new networks should be supported by tailored tool [52]. Moreover, the complexity
of the future network will require important data analysis to get the inefficiencies
and control the design quality. Deep data analysis can highlight unbalance in the
seasonal thermal storage and the great importance of auxiliary energy consumption
in LTDH system [63].

2.2 Modernization of today Thermal Grid and High
Energy Related Users
One of the problems with the new generation of district heating systems are the “old

users”, as they pose a lower limit for the supply temperature. In fact, on the very

same thermal ring different temperature level are often requested. High efficiency
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users are fed with high temperature water because usually users are connected to the

primary ring even if they do not need it.

To overcome this problem, different strategies are in place. For example, it is
becoming popular to connect a secondary ring to serve high energy efficiency areas
[29], as simulated in [59]. This solution is quick and does not require important
modifications on the users side but could require important modifications on the
network topology and architecture. On the opposite, changing the users’ heating
systems is a valuable solution, to decrease the needed temperature. Nevertheless,
major renovation can be an issue for tenants as important time, effort and resources

have to be spent [56].

Another interesting solution is to use a main ring for low temperatures and
distributed boosters HP to raise the temperature level exactly where it is needed. The
idea behind this strategy is that even though most users will live in high performance
buildings in the future, some areas would still not be able to improve their energy
efficiency because they do not allow the use of low temperature sources. In this
configuration, a DH low-temperature flow is used as a source on the evaporator side
of the HP to increase the temperature on the user side. This technical approach
makes it possible to keep the grid temperature at a lower level, thus expanding the
possible energy source portfolio, especially RES and WHR. Furthermore, raising
the temperature level locally improves the overall performance of the drinking water

network, as a lower temperature also means lower distributed energy losses.

A simulation model for a hot water system was defined to evaluate the impact of
lowering the water temperature in the distribution network under different conditions.
The model consists of the end user and the distribution network of a central water
heating system, comparing three different use cases: (i) the current condition of
the third generation water heating system, (ii) a low-temperature network with
continuous operation during the night, and (iii) a low-temperature network with

energy-efficient buildings.

2.2.1 Methodology

The simulation model was developed in Modelica using the Dymola programming
environment [64] alongside the Building Library, developed by Lawrence Berkeley

National Laboratory, for dynamic simulation of the energetic behavior of single
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rooms, buildings and whole districts [65]. The core components are the User and the
Network. The final users were simulated by a model of a building, with its thermal
resistance, thermal capacity and with its heating system connected to the DH heat

exchanger.
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port_b

The building is modeled by as a perfect mixed volume of air (vol) with a specific
heat capacity which exchange heat with the external environment (theCon) and with
the internal heat source which is a thermal radiator (Radiator). The air heat capacity

has been modified to take into account the energy storage in walls and furniture.

The total thermal propagation of the component is accounted for by a thermal
conductor (theCon), which is defined as a constant thermal conductance. The block
lies between the indoor and outdoor temperatures (OutsideT), which is modelled as
a variable boundary condition based on TMY weather data (WeaBus). Free gains
(people, equipment, etc.) are considered via the component preHeapreHea, which
manages the heat balance of the free gains in the system. In summary, the volume of
the building is associated with: (i) the thermal conductance to simulate heat exchange
with the external environment; (ii) the heat capacity, which approximates energy

storage in furniture and buildings; (iii) the radiator; and (iv) the free gain/loss block.
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The heating system is represented as a closed loop between the radiator block
and the DH heat exchanger DH_HX. The radiator parameters consist of the data
provided by the manufacturers (European standard EN 442-2), including nominal
mass flow, nominal flow temperature and temperature difference, and heat output.
The decision to use a single radiator instead of several is mainly related to the fact
that it is a single large volume with homogeneous characteristics. A larger number
of radiators would not have changed the simulation result significantly (but would

have increased the complexity of the simulation and the time needed).

Furthermore, the Radiator has two heat port connections with the building repre-
senting the convective Q. and the radiative Q, heat flow rate. It was assumed that
the air and radiative temperature of the building are equal, and the heat transfer rate

is modelled as follows:

o sign(T; — T,) (1 — f,)UA

Qc = N|T;—T,[" >
_ sign(T; — T,)(f,)UA (2.2)
r N|Ti—Tr|n '

where N denotes the number of elements used to discretize the radiator and i
represents the single radiator element. 7; is the water temperature of the i-element,
T, is the temperature of the room air, 7, is the radiative temperature, f, is the fraction
of radiant to total heat transfer (set to 0.35 [66]), UA is the UA-value of the radiator,
calculated from nominal conditions, and n is an exponent for the heat transfer (set to
1.24 [66]).

The model of a discretized coil made of two flow paths which are in opposite
direction has been used for the district heating heat exchanger. The heat transfer
driving force is, of course, the temperature difference between the fluid and the solid.
The water flow is controlled thanks to a variable speed pump model [65]. Based on
the nominal mass flow rate, a pressure curve is calculated in order to retrieve the

electrical power consumption and efficiency.

Wy, = |VAP| (2.3)

where V is the volume flow rate and AP is the pressure rise.
The efficiencies are computed as:
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n= Wfl()/Pele - nhydnmot (24)
Nhyd = Wrio/Whya (2.5)
Nmot = Whyd/Pele (2.6)

Where 1,4 and 1,0, are respectively the hydraulic and motor efficiency.

Finally, the district heating system is modelled by an ideal plant block Ideal Plant
and pipe block for the piping network representation. The DH load is composed by

9 users, interconnected in parallel, by the piping system, with the central plant.
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Fig. 2.5 Modelica model of simulated system [23]

Each load is connected to the network in parallel by means of junctions Junc
that take as parameter the nominal mass flow rate per each branch and the relative
pressure drop correlated as follows:

11 = K\V/AP (2.7)
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Where 1 is the mass flow rate, AP is the pressure drop and K is a constant that
is calculated at 71, ,in0 and AP, minas and it is assumed to be constant at different

mass flow rates.

Right after the plant there are two pipes, Pipe_Main_Flow and Pipe_Main_Return,
respectively for flow and return. The Pipe component takes as parameter the length
[m], the insulation thickness [m] with its thermal conductivity [W /mK], nominal
mass flow rate [kg/s] and the velocity of the fluid [m/s]. Moreover it is possible to

specify the diameter [m] or let the block compute it as:

4m’

Py

(2.8)

Unlike junctions, it takes into account thermal losses since all the geometric data

are available and it is possible to set the outside condition.

Weather data component WeaDat reads Typical Meteorological Year (TMY3)
data where “A Typical Meteorological Year is a collation of selected weather data
for a specific location, listing hourly values of meteorological elements for a one-
year period.” TMY represents annual average values and it is used, for buildings
simulation, to address expected energy consumption and costs. However, TMY is
not suited to design components in worst-case conditions. In our simulations TMY

data has been obtained from the EnergyPlus web site [67].

2.2.2 Case Studies

Using the described simulator, 3 main simulations have been run in order to asses
the DH performance and the effect of network temperature and configuration. For

author’s knowledge reason, the city of Turin (Italy) has been chosen as location.

Case 0

Case 0 is the reference case because it represents the status quo of the large DH
water network. The network is operated with a nominal supply temperature of 90
°C and the users are old residential buildings that are poorly insulated, have a high
energy demand and whose heating system is designed for the worst case. The users’



2.2 Modernization of today Thermal Grid and High Energy Related Users 21

heating systems are switched on during the day and switched off at night. In Italy,
buildings are usually not heated at night because Italian regulations limit the number
of heating hours per day. This operation leads to a significant morning peak in the
heat load profile, which requires oversizing the capacity of the DH heat generators
or installing a suitable heat storage system. The simulator was tuned using planning
parameters from the city of Turin. The users are sized to represent residential blocks
with volumes 3*1800 m> , 3%¥2400 m3 and 3*3000 m3, corresponding to a total
heated volume of 21,600 m?> allocated to nine users. The radiators were sized taking
into account the usual design conditions for Turin: they have an average installed
nominal heat output of 30-40 W /m?>. The nominal output of the radiators, usually
defined considering reference values for a supply temperature of 75 °C and a return

temperature of 65 °C, was therefore calculated for each building as follows

Orad = 40V (2.9)

1 = Qrad/(CpW * ATrad) (210)

where m is the mass flow rate, Q,,41s the nominal power, cp,, is the specific
heat of water and AT, is the temperature difference between inlet and outlet of the

radiator.

Looking at the user parameters, free gains were set to zero as a conservative
hypothesis, in order to investigate just the impact of the heating system parameters

variation. The thermal conductance, representing the walls, is set equal to:

UtheCon = Qrad * fcorr/ATworst (21 1)

where O, is the nominal power of the radiator and AT, is the design delta
temperature between inside and outside equal to 28°C in Turin representing an
outside temperature of -8°C. f.,,» 1s an empirical correction factor that is needed to
correlate the nominal power of the heating systems with the real performance when
they are required to heat up the buildings in the morning in the worst conditions.
In this study, this factor has been adjusted to a value of 0.5, which was empirically
evaluated in accordance with an acceptable transitory duration during the morning

peak. The heat capacity of the building was chosen in order to have a temperature
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during the night of around 16 °C. This empirical approach was chosen to be consis-
tent and general enough with respect to the real operation of the heating systems,
disregarding the unknown multitude of aspects that would affect the definition of the
average building heat capacity, including the geometry, the materials of the walls
and the furniture. The building temperature is controlled by a PI controller varying
the radiator mass flow rate.

Case 1

Lowering the grid temperature is one of the most effective measures to reduce
losses, increase efficiency and open up the grid to low-temperature sources such
as solar thermal systems and waste heat recovery. However, in existing systems,
simply lowering the operating temperatures would not guarantee setpoint conditions
for the users, as the nominal design parameters for this have not been studied. In
this case, a different operating schedule must be considered to avoid having to
modify the building or the heating system. The aim of this case was to investigate
possible problems in lowering the temperature of the network and to understand
which components of the building and the heating system could be affected. In
particular, continuous operation during the day and night was analysed as a feasible
way to lower the grid supply temperature by trying to avoid the morning and evening
demand peaks of the radiators, as they lead to large losses [34, 58]. In fact, there are
several strategies in the literature and in the industry to limit these events, such as
heat storage systems to flatten the load profile. The supply water temperature is then
reduced from 90 °C to 50 °C and the building heating system is operated 24 hours per
day (which is already a valuable option for specific Italian territories). To allow a fair
comparison between the two cases, the same heating system with the same design
parameters as in case O is used. The temperature values of the buildings’ heating
systems were thus calculated by the simulation model by operating the radiators
under non-design conditions based on the nominal values of their design parameters.
The building temperature set point was set equal to 20 °C. Moreover the controller
was changed: instead of a PI, a simple on/off controller is used, working within 20
°C+-0.5°C.
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Case 2

Instead of working on the generation side, insulation of buildings can provide an
effective driver for lowering the network temperature without the need for modifying
the heating system operations. In this case, the aim was to understand if a partial
insulation of the building allows meeting the setpoint conditions while keeping the
same heating behaviour of Case 0. Indeed, due to the lower heat losses of the building,
the radiators can be operated at a lower temperature, leading to a lower heat demand
and consequently to the possibility of operating the radiators at a lower temperature.
The values of the design parameters for this case are the same as Case 1, except for
the thermal conductance of the users that was reduced by 40% while maintaining
the same heat capacity. The reduction rate of the thermal conductance was set
by considering a reasonable target obtained through energy efficiency measures
(including the substitution of the windows and the insulation of the walls) performed
on existing residential buildings in the context of Turin, based on the experience of
the authors from real refurbishment interventions in the city. Due to the focus of
this research work, a more detailed simulation of the building was not performed,
leading to some approximations. For the same reason, the heat capacity was not
varied accordingly, due to missing information of the specific characteristics of the

buildings and the consequent need of an arbitrary new value.

2.2.3 Results

The heat demand and temperature profiles of the three cases for a given day (January
Ist) are compared in the following figures 2.6 and 2.7. The major difference is
noticeable during the morning peak, while some minor variances appear throughout
the day. Both Cases 1 and 2 allow to reduce significantly the morning peak, approxi-
mately from 1 MW to 350-400 kW. This goal can therefore be reached with both
approaches, although without building insulation the building needs to be heated
also during the night. In particular, the controller lowers the room temperature in the
afternoon in the alternative scenarios, leading to a sharp decrease in heating demand.
The deep drop is due to the fact that all the simulated users have been set with the
same behavior. This is not compliant with the real world where multiple users have
generally different behaviors. It is reasonable to think that, in such a situation, load

and temperature profiles would be more stable, with small fluctuations around the
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rated power. This is a limit for the current simulator, but in future developments this
model can be corrected by considering real data for different buildings.

Plant Load Comparison
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Fig. 2.6 Plant Load profile: comparison for the different use cases.
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Fig. 2.7 Indoor temperature: comparison for the different use cases.

To ease the discussion, the previous figures were limited to a single day simulation
in order to better understand the profile differences while the following table (2.1)

summarizes the performance of the system for the entire year.
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Table 2.1 Annual energy performance of the different cases

Case  User Demand (MWh) DH supply (MWh) Network losses (-)

Case 0 910 1,075 18.0 %
Case 1 941 1,019 8.3 %
Case 2 548 628 14.5 %

With respect to the reference case, Case 1 (continuous operation) leads to a
slightly higher energy demand by the user, which is however compensated by lower
network losses (due to the lower operation temperatures), thus resulting in a lower
heat generation from the entire DH system and to lower running costs for the network.
This can be seen as a driver for better cost allocation and, therefore, for lower tariffs.
On the other hand, in Case 2, the user shows a substantial decrease of energy
consumption due to the insulation, and the network losses are comparable to Case
1, but obviously with a higher relative share. In this case, the energy savings are
obviously more related on the users side while, for the network and the plant operator,
it can be seen as a problem as the losses increase their share and importance on the
overall energy balance.

In order to better understand the impact of lowering the network temperatures,
a sensitivity analysis was performed by considering three additional temperature
levels: 45 °C, 55 °C and 60 °C. Moreover, to run a proper comparison, a “SetPoint
Factor” quantity to calculate the amount of hours in which the indoor temperature is
in the range from 20 °C to 21 °C was defined as:

sp—_fose (2.12)
RheatingDay

Where hogp is the amount of hours that the indoor temperature is over the set

point and eqringDay 18 the amount of hours where the heating system is on; in our

case between 7AM and 10PM. It is important to say that even in the Case 1 scenario

it has been taken into account just the day hours since the night operation has to been

seen like an extra benefit. The results are summarized in Figure 2.8, where Cases 1

and 2 have been simulated for different supply temperatures and compared against
Case 0.
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Relative hours over the set point at different temperatures of the network (7 AM - 10 PM)
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Fig. 2.8 setpoint Factor comparison across the different solutions

The sensitivity analysis reveals some interesting aspects: Compared to the other
scenarios, not even case () can guarantee a setpoint factor of 100%, mainly due to the
temperature fluctuations in the morning towards the set point of 20 °C. In fact, it is
possible to observe that the setpoint factor in case 1 at 55°C is the same as in case 0.
Taking this aspect into account, case 1 guarantees an acceptable performance at a
supply temperature of only 50°C, while a further decrease means a significant drop
in the setpoint factor. In fact, at 45°C the indicators are slightly above 50%, which
means that half the time the indoor temperature is not in the standard range. The
numerical analysis therefore suggests that such a low temperature requires further
measures to achieve an adequate setpoint level, such as installing radiators with a
larger exchange area or insulating the building. On the other hand, case 2 seems
to have a lower performance across all analysed temperatures and for this reason
cannot be considered as a real alternative to case 0, even at medium temperatures
such as 55°C. In this case, possible solutions can be found in continuous operation

similar to case 1 or in increasing the radiator surface.

Alternatively, in order to compensate for the network temperature decrease,
distributed "booster" Heat Pumps can be exploited, as proposed in the following

section and already discussed in section 2.1.
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2.2.4 Booster Heat Pumps

The goal is to substitute the heat exchanger between the network and the user with
a heat pump in order to boost up the temperature to 60°C, for space heating, just
where it is needed. The main idea here is that even if in a next future the major part
of the users will live in high energy performance buildings, still some cities areas (as
protected historical buildings) will not be able to improve their energy performances
in order to use low-temperature heat sources. HPs use district heating water at the
evaporator side to heat up the user’s heating system water (see figure 2.9. Thanks
to this configuration, it is possible to keep the network temperature at lower values
with respect to the today standard of about 100°C, increasing the potential RES and
WHR shares, and increase the temperature locally only for the users for which the
temperature decrease is not a viable option.

Evaporator
| DH

Fig. 2.9 Schematic representation of the distributed HP [23]

The HP model is included in the building library already cited at the beginning of
this paragraph. It represents a vapour compression HP that takes as main parameters
the nominal mass flow rate, the nominal heat flow rate, the nominal temperature
difference and the pressure drop at both evaporator and condenser sides. The
condenser leaving water temperature represents a control input for the block and its

COP is calculated as given by the following equations:
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COP = ncanot,OCOPcarnot neL (213)
T,
CcoO Pcanot _ condenser (2 1 4)
Teondenser — evaporator
Ny = ay +a2pr—|—a3y%L—|—... (2.15)

where 7 canor 0 18 the Carnot Effectiveness, COPeqrnor 1 the Carnot efficiency, npy
is a polynomial expression to take into account partial load operation and ypy is the
partial load ratio. The Carnot Effectiveness coefficient can be set manually or it can
be calculated as:

COPF,
Neanot,0 = =0 (2 16)

COP, carnot 0
where COR, is the efficiency value in nominal conditions and COP,pr 0 18 the
Carnot efficiency in nominal conditions. Since no accurate data were available,
Nearnor,0 Was set equal to 0.4 and Npy, equal to 1 [68, 69]. Consequently, the COP
was calculated as:

CopP = ncanot,OCOPcarnot (217)

Since the use of distributed HPs involves a significant electricity consumption, a
proper comparison with the previous cases should be performed by considering the
primary energy consumption (PEC). In this comparison, the crucial aspect becomes
the RES share in the power grid, which can vary from country to country but also
shows a significant variability over time [33, 27]. This issue will be addressed in
the following section (section 2.3. In this work reference Primary Energy Factors
for Italy was considered: 1.05 for natural gas and 2.42 for electricity [70, 71]. The
DH heat was considered as produced by a natural gas boiler with a 90% efficiency

(conservative approach).

Figure 2.10 clearly illustrates as the HPs integration enables the network to
operate at lower temperature and to achieve an acceptable setpoint for the users.
However, the HPs operation requires a significant power consumption, which cannot

be ignored in a systemic analysis. With the assumptions made in this work, the
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Relative hours over the set point at different temperature of the network (7 AM - 10 PM)
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Fig. 2.10 Comparison of annual performance of HP and different supply temperatures [23]

HPs have a larger impact than other solutions in terms of total primary energy
consumption.
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Fig. 2.11 Primary Energy Consumption of the different strategies [23]

2.2.5 Conclusions

The results of this study highlight the potential of optimizing the current heat genera-
tion logics in high-temperature DH systems. A continuous operation of the existing
heating system could support a decrease of the network supply temperature, as

the buildings would require a much lower heat rate. The slight increase of energy
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demand of the users would be highly compensated by a reduction of the network
losses, thanks to a lower average network temperature. Proper regulation rules are
required to support this transition by sharing the potential benefits among the final

users and the DH system operators.

The refurbishment of buildings can lead to significant energy savings, but it not
necessarily guarantee a shift toward a low-temperature DH operation. A critical
parameter would be the amount of energy savings that are obtained, as without
changing the existing radiators their heat supply is strictly related to their operation
temperature.

The analysis of the HPs behaviour leads to a more complex model, as multiple
parameters have an impact on their operation and different indicators can be chosen
to evaluate their contribution. In particular, the shift towards low-temperature DH
networks coupled to booster HPs is a promising solution where the integration of
RES is of primary interest. On the other hand, if the DH generation plant remains
fossil-based (considering a simple natural gas boiler), with the Italian data used for
PEF, HPs are not leading to a decrease of the total primary energy consumption of
the system. HPs environmental benefit is therefore strictly dependent on the source

of this electricity, with reference to its renewable share and CO, emission factor.

In fact, also in therms of CO, emissions the distributed HPs do not give a real
benefit. In fact, comparing the CO; emissions of 45°C case and the 45°C + HP case,
for Case 1 and Case 2, the obtained outcome are slightly higher emission values with
the HPs case: around 150 tCO; against 140 tCO; for case 2 and 250 tCO, against
227 tCO, for Case 1. For sake of clarity, the emission factor and the primary energy
factor used are the 2017 values reported from ISPRA [71, 72].

Nevertheless, PEF and CO; factor are not constant during the day, the month and
the year. This means that, probably, the use of average values for these assessments
are not recommended, especially in transition periods as the one we are living in.
RES are increasing their shares every year, and the multiple coal phase out policies
in EU countries are decreasing the overall PEF and CO2F . In the following section,
a detailed analysis on CO2F has been done, in order to understand the possible effect

of more refined analyses with respect to the direct use of annual average values.
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2.3 Heat pumps electricity Consumption: Effective

Energy Mix Consumption

As stated at the beginning of this document, the main purpose of the electrification
wave is to reduce the use of fossil fuels for final energy consumption, exploiting the
renewable energy production to decarbonize a specific target sector and to increase
the efficiency of final uses. In fact, this is true for the HC and EVs sectors, where
fossil fuels currently represent the main energy source and, as a consequence, they

are among the largest CO, and pollutants emitters [3, 73].

The power generation mix is of fundamental importance to effectively decar-
bonize the targeted sector and do not simply shift the emissions from final uses to
the power plants. Significant progresses have been made all around the world about
power generation from RES and in fact, as reported in Figure 2.12, the renewable
installed capacity is stepping-up basically all over the globe with different increasing
steepness ratios. Europe is doing impressive progresses from its first legislative ac-
tion pack, published back in 2009 [74] when the famous 20% by 2020 target has been
imposed. North America and Asia Pacific regions are also moving towards a cleaner
energy systems, with smaller steepness coefficients, but with stable progresses since
2010.
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Electricity generation by source
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Fig. 2.12 Electricity Generation share by source. Author’s elaboration from [75]. "Other"
represent Biofules, waste and not fully verified data.

The target of net zero emissions by 2050 has been announced by large part of the
major CO; emitters and related policies and regulations are popping-up to change
the current generation share, moving the RES production to the highest step of the
podium. As stated from IEA, 44 countries and the EU have pledged to meet a net
zero emission target [76] by 2050 or even before (resulting in a total coverage of
around the 70% of global CO, emissions). Nevertheless, just 10 of them have set
legal obligations, while the others are in the proposition phase or have just stated
their will in official documents. This means that there is still a wide gap between
theory and action, and still more actions need to be done.

Despite the general overview of the annual share of electricity generation, it is
also important to analyse the generation mix with a more precise temporal resolution.
Indeed, both electricity consumption and generation show seasonal, monthly, weekly
and daily fluctuations, and since production units have to adjust their energy pro-
duction to consumer demand, this leads to a large variation in the actual electricity
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generation mix at small time intervals [77]. Consequently, key indicators such as
the primary energy factor (PEF) of electricity generation and the CO, emission
factor (CO2EF) show significant ranges of variation depending on the energy sources
available in each country and their generation and dispatch profiles [78, 79]. For
example, figures 2.13 and 2.14 show the monthly RES share variation for selected
regions using the violin plot (please, refer to the next paragraph for the used data
details). The "violin shape" represents the density estimate of the variable: the more
data points in a given area, the larger the violin for that area. It is similar to a boxplot,
but allows for a better understanding of the distribution of the variable under study.
Please, be ware that the y-axis are different per each sub-plots in figure 2.13.

The charts highlight that the RES share variation can be narrow, as in the cases of
Florida or New York state. In these cases, considering an annual average value can
generally lead to a good estimation of the environmental impact of a technology or
PEF and CO2EF. But in other cases, such as California or the four cases reported for
the EU (Austria, Denmark, Italy and Germany), wide variations are in place across
the months and also in each month. The remarkable importance of hydro power in
Austria [80], for example, is clearly visible in May and June, when the melting of the
snow feeds a large amount of water into lakes and rivers, increasing the hydro output
potential and the overall RES share value. In Germany and Italy, in which wind and
solar are on the podium of power generation sources, the variability is significant all

over the year.
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Montly variation of the RES share - USA
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Fig. 2.13 Monthly RES share variation for selected US states. Author’s elaboration from
[81]
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Montly variation of the RES share — EU
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Fig. 2.14 Monthly RES share variation for selected EU countries. Author’s elaboration from
[82]

The generation mix data for EU countries has been retrieved by the ENTSO-E
Transparency Platform [82]. The platform makes the production data available at
least with hourly detail for different European countries. The actual generation by
energy source has been collected for the year 2019 and the data has been aggregated
into a limited number of energy sources (coal, gas, hydro, nuclear, oil, solar, wind
and other). The main objective of this simplification has been the definition of
meaningful electricity mixes, to be qualitatively compared among each other and
to be comparable with the USA data. The generation mix data for the USA has
been retrieved by the Energy Information Administration (EIA) website [81]. The
EIA gives access to different data about USA energy exchange, production and
consumption. In particular, they provide hourly total net generation by energy source
and the 2020 data has been collected for the purpose of this work and reported in the
chart above.
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Having these wide variations means that the very same electricity load, from HPs,
AC units or any electrical device, can consume different electricity quality, resulting
in a good or bad exploitation of the green electricity or the overall grid efficiency.
Generally, such analyses are conducted with annual average values, and an hourly

evaluation can show if such an approximation can be acceptable.
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Fig. 2.15 Average electricity mixes in 2019 on an annual basis in different European countries
(28]

Taking into account hourly data for both energy generation and demand allows
to calculate the actual hourly electricity mix throughout the year, together with the
primary energy consumption and the CO, emissions associated with the electricity
that is consumed by an investigated device. This is a more precise and reliable
account of the effective impact of the electricity use. The HPs considered for the
analysis are obtained by two distinct data sets, which ensure a wider significance
by providing different profiles and operation logic. In figure 2.16, 2.17 the hourly
average electrical profiles for 10 different HP installations are displayed for the
different months. The first four profiles (C7 to C10) have been provided by GSI
[83], an Italian company. The data are based on the operation of three water-to-
water geothermal (close loop) vapor compression heat pumps, of which two of them
are for residential use (C7, C8), while the other two (C9, C10) are dedicated to an
accommodation facility. The HPs are equipped with scroll compressors and electrical
valves coupled with inverters, to regulate the power output. In particular, all the
monitored plants are located in Italy at different latitudes (in Central and Northern
Italy) and present different electrical rated powers. The data has been provided for
the years 2018/2019 with one minute step, but the analysis has been carried out
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by aggregating the values on hourly basis on the entire heating season (October -
April). The data availability was quite accurate, with the main issue being related to
a limited number of missing data. However, due to the narrow resolution, it has been
decided to fill the occasional lacking values taking the previous data observation,
since no particular variation can usually happen in one minute interval. The choice
of hourly values is consistent with the available information for power generation

mix in most countries, although in some cases values are available each 15 minutes.

The remaining profiles (C1 to C6) have been retrieved from the London Datastore
[84] which is an open data-sharing portal in London. In this case, the data are
recorded with a 15-minute timestamp between the last days of December 2011 to the
first days of March 2014. In order to compare the profiles and the consumption with
the previous data collection over an entire heating season, the data from October
2012 to April 2013 have been considered. Even if the time windows of the two
datasets are not overlapping, multiple real operational profiles are still providing a
valuable source for evaluating the effect of the variability in comparison with the
usual profiles that are derived from software simulation tools. Unfortunately, no
further information (such as technical data and/or heat pump typologies) about the
heat pumps systems are available. It can be seen that even this three profiles present
the typical residential profile, with the morning and evening peaks of consumption,

although with a different relative importance.
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Fig. 2.16 Average Heat Pump electrical load from [83, 27]
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Heat Pumps Average Load Profiles
— October — November — December — January — February — March — April

C1 Cc2 C3
g
=
S
g 3
o
o
W 2-
o8
g
8, 0.5-
w
0 5 10 15 20 0
c4
E 2.0-
=
o 1.5
3
&
= 1.0-
©
L
s
O 0.5-
K
w
0.0-, , . . . ; ; : ; ] ; ; ; ; ;
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time [h] Time [h] Time [h]

Fig. 2.17 Average Heat Pump electrical load from [27, 84]

2.3.1 Methodology

Using the operational data of power generation, in parallel with detailed information
on the HP power demand, is it possible to determinate the effective energy consump-
tion by HPs and Chillers. In particular, this method allows to calculate the hourly
electricity mix throughout the year, together with the PEC and the CO, emissions
associated with the electricity that is consumed by the appliance.

The most common indicator to quantify and compare different electricity mixes
is the CO, emissions factor of the electricity generation. Usually this factor is

calculated as an annual average, as:

Y, EF-E;
EF ! == (2.18)
annuat ,mean Zi El
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Where the average annual electricity emission factor (E'Funnuai mean) 18 calculated
as the sum of the product between the specific emission factors (EF;) and the annual
power generation (E;) for each energy source, divided by the total power generation
in the system. Instead, this research work goes beyond the simple annual average, by
defining a weighted average based on the effective electricity consumption profile of
each single user. Therefore, the emission factor is calculated by defining an hourly

emission factor for each j-th hour:

LiEFi; Eij

2.19
Y.Ei; (=-19)

EFhourlyJ =

to be used for a weighted average based on the electricity consumption of the

heat pump in each j-th hour of the heating season (Eyp;):

Zj EFhaurly,j : EHRj
YjEup;

E Fannual weighted = (2.20)

This last value is a more precise representation of the electricity mix related
with the HP operation. This indicator is then compared with the annual average
for multiple HP profiles and different countries to assess the range of variation
of the results. In order to calculate the emission factors for the different profiles
and countries, the Intergovernmental Panel on Climate Change (IPCC) [85] CO,
factors have been considered. The carbon intensity of the different sources take
into account the emissions related to the whole life cycle of the production plants,
from construction to operation and decommissioning. Using life cycle factors (LCF)
allowed us to have a better comparison between the fossil and non-fossil energy
sources since, also RES, that are usually considered carbon neutral, have an impact.
The IPCC values are detailed at [86] and they are extracted from the IPCC - 5th
Assessment Report [87] and, in particular, from the following two sections [88, 89].
The emission factors are expressed as CO,-equivalent, i.e. taking into account also
other gaseous compounds that have an impact on global warming. Of course, for the
very same energy vector, it is possible to have different technologies with different
efficiency meaning that a single value for CO; emissions can be accurate for some
technologies and not for other. Nevertheless, the used values are a sort of weighed

average emission factor, taking into account the different production technologies.
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Table 2.2 CO, emission factors for the different energy sources

Emission Factor
Energy Source

[8COzeq/kWh]
Biomass 230
Coal 910
Gas 490
Geothermal 38
Hydro 24
Nuclear 12
Oil 650
Other 490
Solar 45
Waste 620
Wind 11

2.3.2 Results

The aim of this study was to evaluate the effect of different electricity mixes in the
actual generation mix of the electricity consumption of HPs. In particular, the real
HP consumption is be compared with the annual production mix of each country,
to evaluate to which extent an hourly analysis differs from an annual average. In
this section, it has been reported a couple of results in order to keep the document
slim. Nevertheless, in Appendix A all the graphs are reported, with some additional

comments.

The bar plot in figure 2.18 represents the shares of the national energy mix of
Italy for each of the main energy sources, compared with the corresponding energy
mixes weighted for each HP consumption profile. Moreover, it reports the annual
average emission factor for each electricity mix (in white at the bottom of each
bar) in order to quickly catch the differences between the produced energy and
the emissions related to HP consumption. It is possible to quickly see that the
different load profiles produce different shares of energy consumption, due to the
different load curves in each hour of the day and over specific months. In particular,
Austria, which relies heavily on hydro power (see also figure 2.14 and 2.19), shows
a deep seasonal variability highlighted also from the different EF values in Table
2.3. For all the different C,, the emission factor is higher than the annual average,
and it varies between +9.6% and +1.5%. This is mainly caused by the fact that

the hydro power has a high variability during the year: in winter the resource is
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Fig. 2.18 ITALY - electricity production mix compared with the electricity consumption mix
of the different HP systems

scarcer, while in spring is abundant as shown in figure 2.14, where April presents
70% of hydro power share in comparison with lower values for the rest of the winter
period. Nevertheless, considering the weighted average values for the HP systems,
since energy consumption for heating in April is generally very limited, its weight
remains marginal in comparison with the annual generation mix. The mismatch
between hydro production and HP energy consumption is compensated mainly with
natural gas, increasing the EF of the different HPs profiles, moving the local emission

towards the production plant.

Conversely, Italy is characterized by a more diversified generation mix with
a higher contribution from carbon-intensive sources, produces both positive and
negative variations of the EF, between +1.7% and -1.1% depending on the specific
HP system. The strongest negative variation corresponds to the HP profile C8
(see fig 2.16), which is characterized by an electricity profile that better exploit
the central hours of the day, especially in spring, where the generation from solar
energy is higher. Moreover, Italy has a more diversified generation mix than Austria,
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Austria — Monthly Energy Share and EF Variation
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Fig. 2.19 Austria - Monthly variation of the energy mix share and the HP consumption share
[27]

presenting different energy integration possibilities: C3, C4, C5 and C6 present
higher wind shares in comparison with the annual production mix, decreasing the
overall HP fossil consumption with respect to the other profiles.

This result confirms the added value of performing hourly analyses when data
are available and reliable. The difference remains generally limited, with average
mean absolute differences on a country basis lower than 5-6%. Such low value
do not justify the major work needed in detailed analysis. Nevertheless, future
energy portfolio development can change this pictures. The strongest effects appear
in Austria and Denmark (as also remarked in Figure 2.20), both characterized by
significant energy generation from RES, suggesting that the expected increase in RES
shares in future years may increase the gap between hourly and annual evaluations.
For specific HP profiles the difference can be as high as 9.6% or as low as -3.0%,
but in the majority of the cases the emissions of HPs are underestimated when using
annual emission factors.
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Table 2.3 Summary of the different EF and their variation for the HP systems

Mean Difference = Max EF Min EF

Country EF - Energy Mix Absolute Value Difference Difference

[8COeq/kWh] [%] [%] [%]

Austria 198 5,86% +9,6% +1,5%
Denmark 348 4,51% +7,5% +1,7%
France 67 2,54% +7,5% -3,0%
Germany 420 1,52% +2,4% -2,9%
Ireland 369 1,17% +1,4% -2,2%
Italy 466 1,09% +1,7% -1,1%
Netherlands 360 1,28% +3,3% -1,1%
Poland 765 0,39% +0,8% -0,4%
Switzerland 17 0.00% 0,0% 0,0%

United Kingdom 326 0,58% +0,6% -2,5%

An important aspect to be highlighted is the current limited weight of variable
RES in the electricity generation mixes, especially in winter, which is the analysed
period. As highlighted by Figure 2.21, different behaviours could be expected if
the same analysis should have been conducted looking at summer time, where solar
source has a strong share in some country mixes. The challenging decarbonization
goals that are being set by different European countries will require significantly
higher shares of integration, which will be also combined with various flexibility
options (including storage, demand side response, sector coupling and networks
interconnections). In this framework any evaluation on the increased electricity
penetration in final users will need to be based on hourly simulations, to provide
an accurate and timely evaluation of the emission savings that are obtained. Again,
this aspect highlights the importance of integrated planning of energy demand and
supply, as electrification alone is not a solution to decarbonize the energy system, if
it is not matched with a parallel deployment of power generation from low-carbon
sources. The installation of new HPs should be fostered together with heat storage
and advanced monitoring and control systems, to allow a higher degree of flexibility

in their operation.

The role of policies will be crucial in supporting an effective and efficient energy
transition. A coordination at different levels and across different sectors is required
to ensure the adherence between the expected results from simulations and the actual
behavior of energy systems in their real operation. In this context, flexibility will
become more and more important, to increase the power grid resilience against the
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Fig. 2.20 C3 Load profiles with respect to different countries [27]

variability caused both on the supply side and on the demand side. Finally, it is worth
remembering that all these aspects need to be based on an economic value awarded to
the carbon emission savings that may be obtained. While the environmental benefit
may be clear, the lack of an effective pricing of carbon emissions on a wide basis

may prove to be a strong burden to the development of decarbonization solutions.

The results of this analysis may be further improved by considering a larger
number of operational profiles of HPs in different countries and for different final
users. Furthermore, the analysis could be further extended to summer time operation,
since many reversible HPs are also supplying cooling, and RES like solar and hydro
are abundant. These analyses are currently limited by the scarcity of reliable historical
data of HPs operation with acceptable time resolution. Moreover, the availability
of longer historical trends for generation mixes may increase the reliability of the
results that have been presented. Moreover, the current analysis is performed on the
underlying hypothesis that the HPs are already existing, and therefore they do not
modify the current electricity mix of the grid. Conversely, if these results may be used
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Italy — Monthly Energy Share and EF Variation
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Fig. 2.21 ITALY - Monthly variation of the energy mix share and the HP consumption share

to evaluate the planning of a large number of new appliances consuming electricity,
their deployment would increase and possibly modify the shape of the power system
demand profile. Additional analyses will be required to assess the potential rebound
effects that they may cause on the generation mix, such as increasing the need of

dispatching fossil-based generation to compensate the lack of electricity from RES.

2.3.3 A comparison with electric mobility

As already said in chapter 1, EVs are among the key driving sectors for electrifi-
cation since they can lead to significant benefits related to the decrease of climate
emissions, as well as some local pollutants, especially in cities [90]. In this section,
using the very same methodology explained in section 2.3.1, a comprehensive as-
sessment of the impact on greenhouse gases (GHG) emissions on multiple countries
is performed. Climate impacts have been evaluated by considering detailed temporal
analyses for both electricity generation and EVs charging profiles. The EVs electrical
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consumption, based on 3 main charging archetypes, has been compared with the
national energy production mixes (the same used in section 2.3) on an hourly basis,
to evaluate the differences between the average annual energy mix and the actual EV

consumption patterns.

The purpose of this comparison is to investigate the possible impacts of having
more variables, with respect to the HPs case, in terms of electrical load patterns. In
fact, the EVs are charged in different locations and at different times over the the day,

while HPs have usually a more stable behaviour with morning and evening peaks.

EV Charging profiles

The charging profiles taken into consideration have been chosen with the aim of
comparing archetypal profiles related to EV charging in three different locations: at
home, at work and in public charging stations. The charging points considered in this
study have a power capacity ranging from 3.7 kW to 22 kW (i.e. no fast-charging has
been considered). The profiles are the result of an analysis based on several data from
real charging profiles in Germany, based on a model which takes into consideration
different car segments, households characteristics and charging behaviours, to create
a set of representative profiles for home, work and public charging [91]. The profiles
have been normalized on the total demand of a weekday for each type of charging,
to analyze comparable results considering the same amount of energy supplied to a
vehicle. Figure 2.22 represents the three different profiles compared for a weekday
and a weekend, with a representation of the contribution of each hour of the day on
the total charging over a weekday.
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Fig. 2.22 Different EV charging profiles [28]

The considered profiles are representative for Germany and this can be a potential
limitation for this work. Nevertheless, this approximation is also related to the
unavailability of a large set of data over different countries but the author believe
that the assumptions on which these charging behaviours have been built can still be
an acceptable representation for the European countries that are being considered in
this study.

In order to extend a bit the analysis performed for HPs, a comparison between
LCA emission factors and direct emission factors is performed. The values are
reported in the following table.

Results

First, hourly emission factors have been calculated and reported in figure 2.23 for

direct emissions.

With the exception of Switzerland, which is largely relying on hydro and nuclear
energy, the other countries present a large range of emission factors that is the result
of seasonal and daily variations in their electricity mixes. These results underline the
importance of having detailed assessment considering actual EV charging profiles
rather than considering simple average annual emission factors.
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Table 2.4 Emission factors for electricity generation from different sources [70, 85]

8c02¢¢/kWh,  Direct emissions LCA emissions

Biomass 0 230
Coal 870 910
Gas 368 490
Geothermal 0 38
Hydro 0 24
Nuclear 0 12
Oil 545 650
Other 368 490
Solar 0 45
Waste 555 620
Wind 0 11

Distribution of direct hourly emission factors
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Fig. 2.23 Comparison of direct hourly emission factors in selected European countries.

Annual emission factors for the electricity supplied to EVs have been calculated
for each country considering the three different EV charging profiles (fig 2.22,
and evaluating them in four different years (2016 to 2019). The combined results,
highlighting the variability of direct and LCA emission factors for each country, are
showed in Figure 2.24. A summary of the main information related to the range of

variation for each country is also reported in Table 2.5.
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Variability of annual emission factors
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Fig. 2.24 Variability of annual emission factors of EV charging in each country (with variable
year and charging profile).

While in some countries the variations remain under 10%, as in Switzerland and
Poland, in other cases the maximum variation from the mean can reach values higher
than 30%, due to the combined effect of different charging profiles on the demand
side as well as different electricity generation mixes on the supply side. Considering
all the combinations, the increase of emissions, between annual average and hourly
analysis, when considering the LCA perspective is on average around 56 g/kWh
with variations in the range 15-97 g/kWh. This insight highlights that in addition to
the variability between countries, which is related to the different production mixes,
there is an additional variability related to both the profiles and the years of operation.
In particular, for some countries this latter effect appears to be more strong than for
the charging profiles.

These results show that when assessing the effect of different charging profiles
in a given country and a given year, the variability remains limited, with an average
range of variation around 6%. Thus, the difference of different charging strategies
appears lower than expected. On the other hand, for any given country and charging
profile, the variation of the year of analysis resulted in an average range of variation of
18%, highlighting the significant variability in the electricity mix of these European

countries over the years. This fact underlines the importance of considering multiple
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Table 2.5 Variation of annual emission factors over charging profile and years for each
country

8CO2eq/ kW hy Direct emission factor ‘ LCA emission factor

Mean Min Max Range vs Mean | Mean Min Max Range vs Mean
Austria 969 83.1 1114 -14% /1 15% | 147.5 129.1 166.2 -13% 1 13%
Denmark 264.0 189.7 346.4 -28% /31% | 332.4 251.8 389.0 -22% 1 21%
France 41.0 31.6 540 -23%132% | 652 558 79.8 -14% 1 22%
Germany 363.1 288.7 410.6 -20% /13% | 417.1 342.1 466.3 -18% / 12%
Ireland 351.6 296.5 405.5 -16% /15% | 418.0 363.6 475.8 -13% 1 14%
Italy 269.7 2447 295.1 -9% /9% | 354.5 329.0 383.7 1% 1 8%
Netherlands 277.1 181.6 413.6 -34% [ 49% | 365.3 253.7 510.5 -31% / 40%
Poland 7422 7202 759.2 3% /2% | 786.6 766.8 804.7 -3% 1 2%
Switzerland 0.0 0.0 0.0 - 167 155 174 1% I 4%
United Kingdom 2272 186.8 263.1 -18% /16% | 301.7 265.4 333.2 -12% 1 10%

years when estimating the emissions related to the use of EVs in any given country,
accounting for the potential uncertainty related to varying electricity mixes over the

years.



Chapter 3

Recognition EU Project and the
HySun prototype

Part of my PhD activities has been developed within the ReCognition EU project,
which aims is to develop RES technologies to improve self-consumption and energy
efficiency in buildings. My task in this project was to develop a prototype of a hybrid
solar cooling system that could use electricity and thermal energy to produce cooled
air. The following sections introduce the project and present the prototype. Part of
the following work has already been published as a project report. The full list of

published documents can be found on the ReCognition main page [92].

3.1 The Recognition Project

The European Union (EU) is among the leading countries for environmental policies
and sustainable transition, having one of the strongest decarbonization policies,
the “Clean Energy Package for all Europeans” [93] which will lead to the rapid
installation of Renewable Energy Sources (RES), increasing the production of clean
(but mostly non-programmable) electricity in the grid. The new legislative package
set ambitious targets for 2030 to face the climate change and related environmental
issues: 32% of RES share in final consumption and -40% CO, emissions are among
the targets described in the package. The general aim is to reach the carbon neutrality
by 2050. These targets have been revised after the COVID19 pandemic. In fact, the
new green transition plan is called "fit for 55" [94], which again aims for carbon
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neutrality in 2050, but proposes a new and challenging target for 2030: reducing CO,
emissions by 55%. Following the outbreak of the Russia-Ukraine conflict, further
discussions are currently taking place. EU activities include proposing projects,
promoting events, writing new policies and regulations to guide and accelerate the
transition towards a more sustainable society. One of the most famous EU programs
is the Horizon 2020 (H2020) research framework, which started back into 2014 with
the aim of improving the EU competitiveness and stimulate the research [95]. Recog-
nition (ReC) is a 3-year H2020 project (H2020-LC-SC3-2018) which started back
into 2019, related to the implementation of renewable sources and their management
in buildings. The acronym Recognition stands for REnewable COGeneration and
storage techNologies IntegraTIon for energy autONomous buildings [92].

3.1.1 The ReC Objective

As already shown in the introduction (section 1), the building sector is one of the
largest energy consumers worldwide and will continue to play an important role in
the future. It currently accounts for 40% of the final energy consumed in the EU and
a large part of this is derived from fossil fuels, especially in terms of heating and
cooling energy. Yet the EU has set ambitious environmental targets for 2030, 2050
and even beyond with the fit for 55 plan [94]. This transition will affect all sectors
and all human activities, such as transport, industry, power generation technologies
and of course more broadly energy production and consumption. In terms of energy
production, this means improving the efficiency of production, reducing consumption
and increasing the share of RES. For this last point, there are 2 main approaches
to reach the EU targets: a centralised and a decentralised approach. The first aims
at introducing renewable capacities in the form of large "power plants" (large PV
fields, wind farms, etc.), the second is the opposite: installing a number of small
renewable generators close to the consumption points (rooftop photovoltaic/solar
thermal, micro-hydro plants, etc.). Both approaches have their advantages and
disadvantages, and a smart and effective mix between the two will likely result in
meeting effectively the future energy demand.

While the centralised approach is more related to strategic investments and
visions at national or regional level, the decentralised system is more complicated
as more actors are involved: local authorities, grid operators, prosumers, etc. It

is also closely linked to the buildings sector, as some of the available renewable
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energy technologies are designed to be installed in buildings. A large part of the
EU building stock [96]is more than 50 years old and has very little or no installed
renewable energy generation systems. They are also not designed for the installation
of renewable energy systems and advanced control and management tools. For
this reason, important research is being carried out to effectively integrate this
architecture into existing buildings. The ReC project is part of this effort and aims to
create a solid mix of software and hardware components to facilitate and promote the
integration of multiple renewable energy sources into buildings and improve RES
energy use for heating/cooling technologies such as heat pumps. In fact, heat pumps
(like all other electrical appliances) can be considered "green" if the electricity they

require comes from renewable sources.
Table 3.1 Barriers and Opportunities for further development of RES integration and im-
provement in the buildings sector

Barriers
RES volatility seldom allows for a

Opportunities

Single-technology integration

Different maturity level

Non performance parameters neglection

Standardization and interoperability

Cumbersome planning phase

High initial investment

Grid instability

Lack of standardization measures

total coverage of energy demand. Storage
demand-response strategies and integration
are needed.

RES technologies have a wide maturity
level in terms of size, durability, efficiency.
Further development is still needed per
each technology.

Size, aesthetics, disposal, safety and
maintainability are often excluded from
research activities. Indeed, they can play a
major role in technology diffusion.

A wide range of different technologies
having an even wider range of standards
and protocols create close environments
which limit technology diffusion.

Multiple RES design and installation
requires a significant amount of time and
effort.

Typically, a significant capital is needed to
install and design multi-RES systems.

In a steep electrical RES increase scenario,
the grid may start to be less stable.
Self-consumption must be incetivized.
Regions, nations and continents have

very different policies and strategies.
Uneven distribution of resources and
could lead to market instability and disparity.

Micro-energy hubs

ICT technology

Policy drivers

Committed industry

integrated energy systems are getting
momentum in terms of technology and
software development.

IoT and AI are growing in terms of capability
and diffusion. They are playing an important
role in energy management systems.

EU is pushing hard to become the leader in
sustainability. This trend is moving resources,
efforts and research towards specific objectives
among which the renovation of the building sector

Industries are answering positively to researchers and
governments actively participating to
development and policies formulation.

The Consortium

The ReC consortium is made of 15 partners divided in 3 universities, 2 research
institutes, 7 enterprises, 2 industrial partners and 1 non-profit organization. Their

role in the project and their references are reported in Table 3.2.

The main objective for the project is to develop synergies among renewable
energy production, conversion, storage and consumption through the development
of cross-cutting technologies. ReC aims to address the building energy-autonomy
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Table 3.2 Sum-Up table reporting the project partners and their role

Partner Country Acrnonim Role wp

Coordinator

Politecnico di Torino [97] Italy POLITO Technology Provider 1,2,3,4,5,6,7
Major Pilot

Ethniko Kentro Erevnas Kai Technologikis Anaptyxis [98] Greece CERTH g:ec_hl:;l’i?gy Provider 1,3,4,5,6,7

EnergyWork [99] Italy EW Technology Provider 1,3,4,5,6,7

. . . System Integrator

Intracom sa Defense Electronic System [100] Greece IDE Test-bed Provider 1,3,4,5,6,7

ZH SRL [101] Italy ZH ESCO 1,2,3,4,5,6,7

Ecole Polytechnique Federale de Lausanne [102] Switzerland EPFL Technology Provider 1,2,3,4,5,6,7

Centre Suisse D’electronique et De Microtechnique sa [103]  Switzerland CSEM Technology Provider 1,2,3,4,5,6,7

Windcity [104] Italy WINDCITY  Technology Provider 1,2,3,4,5,6,7

Micro Turbine Technology BV [105] Netherlands MTT Technology Provider 1,2,3,4,5,6,7

Ellnika Petrelaia AE [106] Greece HELPE Industrial Pilot 1,2,3,4,5,6,7

Servelect Romania SVT ESCO 1,2,3,4,5,6,7

University of Bristol [107] United Kingdom UoB Social Sciences and Humanites 1,5, 6, 7

Electric Corby Community Interest Company [108] United Kingdom ECCIC Major Pilot 1,3,4,5,6,7

Etrel Svetovanje in Druge Stortive Doo [109] Slovenia ETREL Technology Provider 1,3,4,5,6,7

Universitatea Technica Cluj-Napoca [110] Romania TUCN Major Pilot 1,3,5,6,7

through a holistic approach which leverages energy production form multiple re-
newable energy technologies (RETSs) and their coordination to meet the buildings’
needs. In order to reach this, (i) new technologies will be developed, to overcome
state-of-the-art limitations and to create new energy-coupling possibilities. Then, (ii)
a cross multi functional platform optimally harnesses the energy generated taking
into account real-time consumption information, storage and grid states and users
needs.

The project has been divided in 7 work packages (see fig.3.1) that cover the main
gaps and barriers mentioned above in Table 3.1. For more details on the objectives,
work packages, key milestones and achievements, please visit the official project

website [92], where all results and documents related to the project are available.

My task in the project is to take care of the energy consumption of cooling and in
particular to design and realise a hybrid solar cooling machine that can use electricity
and heat from other RES. The description, design and realisation of the prototype

are described in the following section.
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WP 1 WP 2 WP 3 WP 4
Benchmarking and Innovative RES Design and development System integration
Identification of Project technologies and of cross-functional RES
Requirements peripherals integration platform

Specification of the Technologies design, Development of the ICT In parallel to WP2 and
needed requirements for testing and development. and loT tools to WP3. Systems

technologies and the Information models and coordinate and manage components are
system through state-of- data analysis drive the the whole system integrated in a functional

the-art analysis and design phase. ensuring interoperability. prototype, ready for Pilot
business models analysis. installation.

WP 5 WP 6 WP 7

Small scale pilots
realization and impact
assessment

D|sserp|nz§tlon, Project management
communication and

training session

Prototype installation and Activities aiming to the Reporting and
impact assessment dissemination of the ReC coordination activities

through KPIs developed outcomes and among the different
and defined in WP1. achievements. partners and WPs.

Fig. 3.1 Recognition Work Packages
3.2 HySun: The Hybrid-Solar Cooling Prototype

Air conditioning and cooling (ACC) is forecast to dramatically increase in the next
years, quickly surpassing the current 20% of the overall electricity consumption
worldwide [19, 20]. As already pointed out in this document, Europe is massively
shifting towards RES, with the ambitious target of 32% share by 2030. To reach this
goal, the heating and cooling (HC) sector needs to heavily shift towards renewable
sources. The cooling demand has been mainly fulfilled till now with electrically
driven technology, which leads to huge peak power consumption during hot summer
periods, putting pressure on the electrical grid. In fact, most of the worldwide
installations are based on compression chillers of different sizes, efficiency, and
technology solutions. In a RES-based vision, peak loads must be handled in order
to reduce the stress on the national grid and to exploit the distributed sources.
Solar-driven technology, such as PV, presents energy production in resonance with
the cooling demand and can supply energy to compression chillers when needed.
However, as already mentioned, a large part of cooling appliances presents low
efficiency, and the request PV power installation will require extended surfaces and
high economic investment to be able to supply the requested energy and power
input. Latent loads play an important role in producing these consumption peaks. In

fact, sub dewpoint condensing is the state-of-the-art technique to remove moisture
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from the supply air, and temperatures below the dew point on the evaporator side
are needed to effectively remove water. Moreover, most of the human population
lives in warm and humid climates, increasing the importance of latent heat load.
Looking at this scenario, desiccant solid and liquid materials can have a major
role in handling the latent load and lowering the pressure on the electrical grid. In
fact, better performances of such systems have been highlighted [111-115], both in
terms of energy efficiency and peak consumption, also due to the generally higher
temperature levels. Thermally driven technologies have the potential to shift part
of the cooling load towards low-grade thermal energy, which can be produced from
RES such as solar thermal module or waste heat. Solar dehumidification processes
are among the most promising technology. At the end of 2015, an estimated 1350
solar thermal cooling units had been installed and around 80% of them are in Europe
[19], meaning that there are large room for improvement all over the world in terms
of numbers, technology development and investments.

In the following two paragraphs a brief introduction to adsorption phenomenon
and main adsorption materials are described in order to provide the reader with an

overview of the adsorption context.

3.2.1 Adsorption fundamentals

Adsorption is a spontaneous physical phenomenon in which the surface of a solid
material binds molecules of a gaseous or liquid stream with which it is in contact.
There are two types of adsorption: physical, which involves weak intermolecular
forces such as Van der Waals forces and electrostatic forces, and chemical, which
involves chemical bonds. The first is the one related to this work and the HySun
prototype. In general, the interaction can be divided into attractive and repulsive

forces between two molecules.

The attractive potential due to dispersion forces, can be expressed as:

=_21_2z_ = 3.1
R A o

where ry is the distance between the molecules and A, A,, A3 are constants. The

terms of this expression represent, respectively, interactions between instantaneous in-
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duced dipoles, induced dipole-induced quadrupole and induced quadrupole-induced

quadrupole.

When the two molecules are very close to each other, repulsive force takes place,

and it can be formulated as:

B
br=—"713 (3.2)
"12

where B is a constant.

The attractive and repulsive contributions are considered together thanks to the
Lennard-Jones potential. This allowed a single formulation to describe the total

potential between two molecules as a function of their distance [116]:

o\ 12 o6
0 =V(r) =4e {(—) - (—) } (3.3)
r r

where € is the potential well depth, which corresponds to the equilibrium between
attractive and repulsive forces while o represents the distance between the two

molecules at which the potential is equal to zero.

Fundamental to the design of an adsorption machine is, of course, the thermo-
dynamics of the process. It can be effectively described by adsorption isotherms.
Isotherms represent, at a fixed temperature, the loading, i.e. the amount of adsorbate
on the solid (adsorbent) per unit mass of the solid itself, as a function of the relative
pressure of the gaseous phase in equilibrium with the adsorbent at the specified

adsorption temperature.

Six main families of adsorption curves can be identified (according to the [UPAC

formulation) and they depend on the adsorbent material and the adsorbate fluid.

Adsorption isotherms that exhibit an upward concavity indicate hydrophobic
behaviour, as a large relative pressure increase is required to slightly increase the
load. A downward concavity, on the other hand, indicates hydrophilic behaviour, as
a huge increase in charge is required for small relative increases in pressure. The
type I isotherm settles to an asymptotic value as the relative pressure increases, and
this behaviour is typical of microporous adsorbents. The types II and III, on the
other hand, are characteristic of macroporous materials and differ from each other
depending on the strength of the interaction between adsorbate and adsorbent [116].
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Amount adsorbed ——»

Relative pressure —»

Fig. 3.2 Typical Adsorption Isotherm Shape [116]

The types IV and V describe single- and multilayer adsorption and are characteristic
of mesoporous adsorbents and show hysteresis due to capillary condensation. Finally,

the type VI describes multilayer adsorption for non-porous materials.

3.2.2 Adsorbents

Silica gel is an incompletely dehydrated form of polymeric colloidal silicic acid,
represented as SiO, * nHO. It is produced starting from sodium silicate, and it

comes as a granular and semi-transparent material, as can be seen in figure 3.3

Fig. 3.3 Silica gel grains



60 Recognition EU Project and the HySun prototype

It is a highly porous material filled with a large number of pores with a diameter
of 2 to 20 nm and a pore volume between 0.35 - 1.15 cm?/g. These geometrical
parameters allow the silica gel to have a very large specific surface area (300 to
800 m? /g). The main advantages of this material are (i) its large water adsorption
capacity and (ii) its low regeneration temperature. In fact, it can adsorb up to 40% of
its dry mass and can be regenerated from 50 °C to 90 °C. This wide range increases
the possible heat sources that can be used. In addition, the manufacturing process of
silica gel is simple and the raw material is widely available worldwide, making its

price very affordable.

These are also the main reasons why the silica gel has been selected for the
HySun prototype.

Zeolites are porous crystalline aluminosilicates mainly composed by SiO4 and
Al Oy tetrahedra connected to each other through shared O, atoms. This means that
Zeolites are not characterized by a distribution of pore size having such an ordered
structure. The Si/Al ratio never goes under 1.0, without any upper limit and this
characteristic makes the different types of zeolites: Aluminum rich sieves, which is
hidrophilic, to silicalite, which is hydrophobic. The threshold is generally identified
around 8-10 between hydrophobic/hydrophilic zeolites [116]. Unlike the Silica Gel,
Zeolites desorption temperature is in the range of 70-250 °C, making the regeneration
process a bit harder to drive.

The Zeolites can be divided into two large groups [117]:

1. Type A: where the ratio Si/Al is between 2-2.5, the free diameter is around
0.41 nm.

2. Type X and Y: have Si/Al ratio between 2-3, free diameters of 0.74 nm.

Activated carbon are carbonaceous materials which are processed in order
to allow the formation of the porous matrix. Typically, the main three phases are:
pelletization, carbonization and activation and this very last one is the most important
one. It is made through steam or carbon dioxide at high temperatures between 700
°C and 1100 °C and, as already said, it is needed to open the pores. The resulting
structure is composed by microcrystallites of graphite [116]. The ease of regeneration
and the specific area are the main advantages of Activated Carbon. Nevertheless,
they are nonpolar materials not suitable for water sorption [117].
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Fig. 3.4 a) Primary unit of zeolites types A, X and Y; b) unit cell of zeolites type A; ¢) unit
cell of zeolites types X and Y .

Activated alumina is derived from bauxite through dehydratation and recrys-
tallization at high temperatures. The water affinity at ambient condition is similar
to Silica Gel, while at high temperature it presents a stronger interaction. This
makes this material suitable for applications like water recovery from steam/thermal

processes [116].

Fig. 3.5 Activated carbon Fig. 3.6 Activated alumina pellets

These are the just a part of the existing sorption materials available, and the
following figure shows their specific isotherm curve, in order to recap the materials

and compare them in a single picture.

The water uptake is indicated in terms of micro moles of water per unit surface
of the adsorbent and the curves respectively refer to [118] (A) Zeolite type X, (B)
silicaluminophosphate sieve, (C) activated alumina, (D) silica gel (at 28°C), (E)

ionosilica (at 40°C), (F) activated carbon.

The equilibrium adsorption isotherm with respect to zeolite shows a similar
trend to the Type I [IUPAC adsorption isotherms. Indeed, at low relative pressures
it is characterised by hydrophilic behaviour, with a sharp increase in water uptake;
thereafter the curve flattens with increasing relative pressure. Activated alumina,
on the other hand, shows a trend close to that of the II type of IUPAC adsorption
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Fig. 3.7 Typical equilibrium adsorption isotherms of water vapor for various adsorbent
materials at 25°C [118]

isotherms. The curve of silica gel shows an intermediate behaviour between the
IUPAC type I, IV and V adsorption isotherms: water uptake increases almost linearly
with relative pressure until a critical point where the sorption curve flattens. Finally,
the activated carbon adsorption isotherm resembles the IUPAC isotherm of type
V. It exhibits an upward concavity up to intermediate values of relative pressure,
corresponding to hydrophobic behaviour. Thereafter, water uptake rises rapidly at a
low relative pressure increase, but the curve flattens out thereafter.

3.3 The Prototype

HySun is a hybrid solar cooling system (see Figure 3.8 for a simplified diagram)
that combines the benefits of desiccant materials to reduce the latent load and
uses clean thermal energy to regenerate the desiccant material. The electricity
demand for the technology is lower for the same cooling capacity as conventional
air conditioning due to the fact that the temperature level for condenser/evaporator
are closer. This means that the temperature lift which has to be produced from
the compressor is smaller, resulting in higher efficiencies and lower electricity
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consumption from the compressor. Therefore, PV modules can be used to supply
the electrical part and solar thermal panels or other heat sources can be used to
regenerate the material. This technology increases the possibility of self-consumption
of locally generated renewable energy and increases the possible synergies between
RES technologies. A side effect is that by having the material take over the latent
load, a smaller amount of refrigerant gas is needed, which increases safety and
reduces the amount of refrigerants, which are often potent greenhouse gases. Of
course, there are already important policies targeting the use of greenhouse gases
for air conditioning. Adsorption technologies like HySun can further improve the
sustainability of refrigeration machines and work in synergy with running policies.

* | @
Solar Thermal _ /

Collectors ~ Waste Heat,
District Heating, ...

Process
Air

) Adsorption

Cooling Water
Regeneration Supply

Ar ——— O
fTRHEAY

Ground Water / Cooling Tower

Cooled - Dry
Air

Fig. 3.8 Block Diagram of the Solar Hybrid Cooling System

HySun technology is based on solid sorption materials that physically absorb
moisture from the air and release it after a heating process at different temperature
levels, depending on different variables (type of material, regeneration time, etc.).
In general, the lower is the driving temperature, the greater the choice of available

technologies.

HySun’s main objective is to improve efficiency compared to conventional com-
pression cycles, using multiple sources and multiple energy vectors to generate the
cooling power and drive the regeneration cycle. Conventional chillers use electricity
to drive the compression cycle and their flexibility is related with changing the

temperature set point and modulate the compressor depending on RES production or
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due to grid stability issues are the main degrees of freedom that need to be coupled
with user behaviour. HySun offers users new degrees of freedom with the possibility
to switch between thermal and electrical energy and, in addition, to switch between
different sources as the temperature level used allowed a wider range of feeding
technologies. The basic idea for operation is as follows: if a surplus of electricity
is available in the building or from the grid, the system HP can be switched on to
provide cooling or/and thermal energy. In the same way, it can be switched off when
there is a surplus of production from solar thermal panels or another heat source.
For example, if a PV system produces more electricity than is consumed, HP can
generate the thermal energy needed (the details of the components of the prototype
and how it works can be found in the next section). Due to the low temperature level,
a wide range of technologies are applicable to this concept, which increases the
possibility of demand response techniques that can be used not only for grid stability
and/or optimisation of RES, but also to shift the cooling load between the thermal
and the electrical grid. Indeed, thermal storage (hot and cold) must be integrated to
make the best use of RES production and meet the needs of users. The disadvantage
of this solution is clearly the greater complexity of the installation. Indeed, it is
necessary to provide for several installations and cross-connections between different

hot/cold generators.

Relative Humidity [%]
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Fig. 3.9 Process air transformation. Classic Compression cycle (red) against the theoretical
HySun transformation (blue)
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3.3.1 Project, Schemes and Working Principles

The HySun design is reported in this paragraph, together with the list of the main
components that are used. The device can be divided in 3 main separate units: (i)
The heat pump (CAD in Figure 3.17), (ii) the auxiliary heater and the auxiliary
cooler (CAD in Figure B.8) and the (ii1) adsorption unit (CAD in Figure 3.16). The
overall CAD scheme is reported in Figure 3.10 with a dedicated legend in figure
3.11. Around the 3 main units, there are a list of sensors and auxiliary units which
are briefly recapped in table 3.3 and in Figure 3.12.
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Fig. 3.10 CAD scheme of the Solar Hybrid Cooling System
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Fig. 3.11 CAD scheme: Legend

The adsorption unit is the heart of the system, where the air is cooled down and

dehumidified. As reported in the CAD scheme (figure 3.10) the adsorption unit uses

the cold/hot water produced by the heat pump, to treat the air flow or to regenerate

the saturated adsorption battery. The adsorption module, consisting of two ribbed
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Table 3.3 Main HySun Components. Please, refer to figure 3.10

Component .
Label Name Function Note

Fl Air Fan Supply air towards 150 Pa, 1000 73 /h max

the adsorption batteries
. Supply air towards 3 .
F2 Air Fan the adsorption batteries 150 Pa, 1000 m” /h max
ly h ter fi .

P1 Hot Water Pump Supply (.)t water for Variable speed pump
regeneration
Supply cold water for .

P2 Cold Water Pump . Variable speed pump
adsorption

P3 Aux1h;rl)r/n(;)oohng Supply cold water in case of external cooling service Fixed speed pump

V1, V2 3-way water valve lﬂ):::/rlbute the hot water Automatic valve

V3, V4 3-way water valve ﬂD(l):rlbute the cold water Automatic Valve

VM1 3-way water valve Direct the hot water towards Manual Valve
the used generator

VM2, VM3  3-way water valve Direct the cold water towards Manual Valve
the used generator

D5 4 way air damper Direct the air flow towards

regeneration/adsorption

coils coated with silica gel (thickness of coating 0.5 mm), operates in a batch
process. Two centrifugal fans (F1 and F2, 150 Pa, 1000 m3h-1, 100 Wmax) and
the air damper (D1) control the two air streams: the regeneration stream (violet)
and the process stream (light blue). The first flow removes the previously collected
water vapour, the second satisfies the user’s cooling needs and delivers cold (20-
25°C) and dehumidified air (humidity < 9 g kg-1). Hot water (50-90°C) circulates
between the hot water source (in the general concept can be either solar thermal, heat
pump condenser, latent heat storage, waste heat) and the adsorption heat exchanger in
regeneration mode, with the (P1) water pump supplying the energy required for water
vapour desorption. In the meantime, cold water (15-25°C) circulates (P2) between
the cold source (in the general concept can be the evaporator of a heat pump, ground
water, evaporation tower) and the adsorption heat exchanger in dehumidification
mode, removing the adsorption heat and cooling the air. When the control strategy
implemented with a conventional PLC determines the changeover of the batch, a
control signal is sent to the actuator of all 3-way valves and air damper (V1, V2, V3,
V4, D1) which change their position to redirect the water and the air flow. A series
of sensors for air temperature, water temperature, relative humidity, water flow and

air velocity monitor the process and the performance of the system under different
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climatic conditions (air temperature 25-35°C with RH 40-80%, replicated in the
laboratory environment with the available equipment). The sensors are reported in
the CAD schemes, each represented by an alpha-numeric code inscribed in a circle
(please, see legend in figure 3.11). A brief recap of the sensors and their position
in reported hereafter in figure 3.12. HySun has 4 functioning modes: OFF, ON -
Cooling service, ON - Standby and ON - Switching:

* OFF mode: HySun is switched off or there is a fault in the system which has
to be fixed. In this case, all fans and pumps as well as the air and water valves

are switched off.

* ON - Cooling Service: HySun is ON, generating the requested cooling power.
This mode can be activated either by user interaction or by an internal tem-
perature setpoint feedback. The process stream (shown in green in figure 3.8)
moves through the adsorption battery where it is dehumidified and cooled,
while the regeneration air stream flows through the regeneration battery where
it collects the water adsorbed in the material. The pumps supply the regen-
eration or adsorption battery with heat and cold water and the air dampers
are open. As soon as the adsorption battery is saturated, the ON - changeover

mode is activated.

* ON - StandBy: HySun is active but does not offer a cooling service. The
batteries can be regenerated if necessary and if free heat is available. In this
case, the regeneration air flow is generated, hot water is supplied to the battery.
Regeneration can be done for one battery at a time. As soon as a battery is
fully regenerated, the ON - switching mode is activated.

* ON - Switching: HySun is active and switches the regeneration and/or adsorp-
tion battery. This is an "intermediate phase" that can take place in standby
or cooling mode. The heat/cold water flow is stopped (pumps OFF) and the
valves change position to redirect the air and water flow to the opposite battery.
It is important to note that the new adsorption battery (the one that has just
been regenerated) needs a pre-cooling phase to effectively dehumidify the air
flow when the changeover occurs in cooling mode (required time 3-5 minutes).
For this reason, the cold water flow is provided before the process air flow

starts.
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Fig. 3.12 Water and Air flow with active components and sensors location

The heat pump has been provided by ENEREN [119] and it is a custom machine.
It is based on the ENEOO6WL model modified in order to work with the prototype
temperature levels (e.g. the compressor is selected in order to meet the 65°C temper-
ature water output). The max hot water output is set to 65°C while the cold one is
set to 15°C, respectively with a temperature difference of 7 and 5 °C. The expected
COP (calculated as reported in UNI14511) is equal to 3.05 and it is equipped with
an high efficiency scroll compressor. For further details please refer to the dedicated
technical sheet reported here [120].

HySun is located in the Politecnico di Torino laboratory and tests are about to
start. The prototype has been designed in AutoCAD and SolidWorks (Figure 3.13)
and then realized. The following figures report the real manufactured prototype.

Other Pictures are available in the appendix B.3.
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Fig. 3.13 HySun Adsorption Unit. 3D assembly from SolidWorks Software.

Fig. 3.14 Adsorption Unit. Real Prototype picture
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Fig. 3.15 Adsorption Unit. Real Prototype picture
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Fig. 3.16 HySun Adsorption Unit, CAD scheme. Extrapolation from the main CAD in figure
3.10
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Fig. 3.17 Heat Pump Detail, CAD scheme. Extrapolation from the main CAD in figure 3.10
3.4 Silica Gel Coating

The adsorption batteries are regular fin and coil heat exchangers coated with adsor-
bent material which allow to trap the water molecules. In this section the coating
procedure and the testing are reported together with a brief description of the machine
designed to dry the adsorption batteries.

3.4.1 Coating Recipe and Fundamentals

Coating is done on a metal surface and allows the adsorbent material to adhere to
the surface. This technique has been used to produce the Silica-gel coating for the
adsorption batteries. Safety data sheets of the materials used for the coating can be

found at [121] and the reference scientific literature are [122, 123].

The coating is produced as a composite material in which the structural ma-
trix consists of the polymer polydimethylsiloxane (PDMS) and the silica gel is
inserted as a second dispersed phase. PDMS has remarkable properties such as
good thermal stability, biocompatibility, corrosion resistance, low cost, gas per-

meability and is chemically inert, easy to handle and manipulate and can develop
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microstructures [124, 125]. To obtain the PDMS matrix, two reagents are mixed:
trimethylsilyl-terminated polymethylhydrosiloxane (RJ 202) and silanol-terminated
polydimethylsiloxane (RJ 107). Once the PDMS matrix is prepared, the silica gel
powder is added to the mixture by adding ethanol with which the solution is diluted
to facilitate mixing of the components. Once you have obtained a homogeneous
mixture, the bis(neodecanoate) tin catalyst, tech-90 is added. The catalyst activates
the cross-linking reaction between the two RJs and this process is irreversible. In

Table 3.4 it has been reported the theoretical recipe to be followed.

Table 3.4 Theoretical coating recipe

Chemicals Share [ % Mass] Main Role in the Mixture Mixing Order
RJ202 (PDMS) 20% These two chemicals produce the main coating 1
RJ107 (HMS) 10% structure and Porosity 2
. . Is the catalyst which activate the reaction
Bis(neodecanoate)tin 3% between RJ202 and RI107 5
Silica Gel Powder 67% Adsorbent Material 4
Ethanol (max) Silica% + 14% It has a fluidising function for the mixture 3

During the mixing process is is important to take some precaution: (i) the
component RJ 202 is the most viscous and it is advisable to weigh it first as all the
other components are present in a certain % with respect to it. (i1) the catalyst can be
dissolved in ethanol before adding it to the compound to facilitate its homogeneous
dispersion in the mixture. (iii) ethanol has a liquefying function and slows down the
cross-linking reaction, but its use must not be excessive, because in order to perform
the percolation on the metal, the viscosity of the solution must be that of ’liquid
honey’. (iv) it is advisable to add silica and ethanol gradually in order to precisely
control the desired viscosity and, finally, (v) the mixture must always be kept in
motion to ensure its homogeneity and, (vi) after adding the catalyst, the coating must
be carried out within ten minutes to avoid the solidification of the solution. Before
pouring the solution on the metal surface, it is advisable to clean the metal surface
thoroughly. The perfect procedure is to use soda, which causes a chemical abrasion
on the metal surface, cleans it properly and improves the adhesion of the chemical
mixture. Unfortunately, we did not have the facilities to use this procedure safely.
Therefore, the metal surface was cleaned with ethanol and physically treated with
glass paper to increase the roughness. Once the mixture and the metallic surface are
ready, pouring can be performed. Once the metallic surface is fully covered, it must
be dried in order to expel the ethanol which, as already pointed out, is just used to
reduce the viscosity of the mixture but do not participate on the adsorption process.
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The drying stage last 24 to 48 hours using temperature between 60-80 °C in an oven
or dedicated drying machine.

(a) (b)

Fig. 3.18 (a) Aluminium testing plate with coated surface, (b) mixture in progress

In order to test the coating technique and its performance, the coating has been
produced and tested on small aluminium plates (see Fig. 3.18 (a)) and in the following

section, a brief recap of the performance tests is reported.

3.4.2 Aluminium plates: adsorption and regeneration tests

The aluminium coated foils has been tested in adsorption and regeneration. Specif-
ically, the samples have been exposed to different relative humidity: 32%, 43%,
70% and 92% and then regenerated at 80°C. So, the dry-mass is evaluated after the
regeneration period and it is compared with the wet-mass, after being exposed to the

humid environment.

Test Bench

Adsorption was carried out in special boxes reported in the following figure 3.19
in which a solution of water and calcium chloride keeps the environment inside
the box in equilibrium at a certain relative humidity condition with a sensibility of
+ —2%. The equilibrium RH condition is a function of the concentration of the salt

dissolved in the water and its value was constantly monitored over time. The mass
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measurements of the samples were manually performed using the Kern KB 360-3N
balance [126] at regular time intervals for 4 hours.

Fig. 3.19 Adsorption Boxes

Fig. 3.20 Kern KB 360-3N

Then, regeneration was performed in the Kern DBS 60-3 thermobalance [127],
in which the regeneration temperature can be precisely controlled. In addition, the
thermobalance provides the sample mass change every 5 seconds for the 2 hours of

desorption.

Adsorption and Regeneration Tests

The selected physical variable to compare the results is the water uptake, here
defined in 3 different ways (reported hereafter) where wt; represent the overall
system performance (e.g. the coated hx), wr, is instead focused on the coating
behaviour and, finally, wts is focused on the active part of the material, which is the
silica gel.
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wiy = 20 (34)

Msecca — Malluminio

Wity = 3.5
Mgecca
myg20
wly = —————— 3.6
: Mgecca + %SG (5-6)

where myo0 is the water mass in the sample, mgecc, 1S the sample mass after re-
generation, My;,minio 1S the aluminium foil mass and %SG is the silica gel percentage
in the mixture.

In the following Figure 3.21 are reported the experimental results for the adsorp-
tion phase. In particular, the samples have been expose to the relative ambient for 4
hours. Then, a 1 hour regeneration cycle at 80°C is performed to have the dry-mass

reference. The precise characterization of the used sample is reported in Table 3.6.

Water Uptakes for different Relative Humidity
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Fig. 3.21 Adsorption tests: experimental results for different tested conditions
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Is it possible to notice that the initial transient is generally quite short. In fact,
even in the 92% RH case, which is the slowest one, after 30minutes the samples have
reached a stable condition. Moreover, it is possible to notice the great difference
between wr1 and the other two definition of water uptake due to the denominator of
the equation. Nevertheless, it can be seen as an important variable to evaluate the
overall performance of the ensemble metallic support + coating. Regarding instead
wt3 is the value which can be compared with the pure silica gel powder, in order to
have a comparison of the performance between pure material and coating mixture.
The comparison is reported in the following table 3.5 and the main outcome is that
there the coating presents a performance of 30% with respect to the pure material.

Table 3.5 Water Uptake comparison between pure Silica Powder and Coated Silica

Relative Humidity WT Pure Silica Powder W73

[%] [kglkg] [kglkg]
32 0.209 0.050
43 0.261 0.060
70 0.343 0.071
92 0.377 0.098

The reasons for this difference may be various, such as: (i) It is possible that the
PDMS matrix holding the silica gel hinders the porosity of the material and disables
some of the pores. (ii) A second idea concerns the dispersion of the silica gel. It
may not be uniformly dispersed in the mixture during the preparation stage, so that
uniform properties are not obtained. (ii1) It is still possible that adsorption does not
occur throughout the thickness of the coating, but only at the surface layers, limiting
the adsorption capacity. If the latter hypothesis were true, the adsorption found in
the experimental tests would not take place over the entire average thickness of 350
um, but only 135 um (i.e. about 40 %), the water absorption of the active part of

this part of the material being equivalent to that of pure silica gel powder.

The very same procedure will be adopted to coat the HySun Heat Exchanger.
During the future machine tests, specific attention will be dedicated to adsorption
performance and water uptake capabilities in order to verify the results obtained
during this first test stage.
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Table 3.6 Main sample and coating data

Coating Component % in Mass
Silica Gel 67.43 %
RJ 202 19.70 /%
RJ 107 9.85 %
Catalyst 3.01 /%
Ethanol 93.4 % of SG
Aluminium foil 4.664 +—0.005 [g]
Aluminium thickness 0.5 [mm)]
Coating Surface 2475 [mm?]
Coating Dry Mass 0.725 +—-0.010 [g]
Avg. Coating thickness 248 [tm]
Silica Gel Mass 0.489 [g]

3.4.3 HX Drying Machine

Since the HySun heat exchanger are quite large, it has been decided to design a dryer
machine to handle the coating drying phase instead of using a oven. In the following

Figure 3.22 is reported the dryer project.

As shown in the illustration, the drying machine has a central main chamber
into which the coated HX is placed. A stream of warm air is directed to the heat
exchanger to dry it and remove the ethanol from the coating mixture. An air rectifier
guarantees a homogeneous and stable air flow over the pipes and fins. A digital
scale constantly determines the total weight to monitor the drying process. The
process stops if no change in weight is detected for a certain time. The HX water
inlet and outlet pipes are accessible to allow warm water to flow through to speed
up the drying process. The unit has air ducts for fresh air supply and recirculation
controlled by two fans and two manual grilles. The ratio can be selected to (i) control
the drying speed and (ii) avoid a high concentration of ethanol in the air flow. In
addition, special sensors throughout the machine ensure continuous monitoring of
humidity, temperature and ethanol concentration. The ethanol sensors are used for
safety, but also to determine, together with the weight, when the drying phase can be
stopped. This machine has already been designed and realised. More 3D pictures

can be found in appendix B.3, while a picture of the real machine is shown below.
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Fig. 3.22 Heat Exchanger drying machine
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Fig. 3.23 Drying Machine
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Fig. 3.24 Drying Machine: HX chamber detail



Chapter 4

Dynamic Simulation of the
Adsorption Process

The simulation of the adsorption phenomenon and the system as a whole is described
in this section. In the first section there is a brief recapitulation of important adsorp-
tion models. In section 4.2 the developed model is described with its main equations,
which are developed in numerical form in section 4.2.1. For ease of reading, all
auxiliary equations used to calculate the properties of air, water and silica (such as
specific heat value, density, adsorption equilibrium, etc.) are given in section 4.2.2.

4.1 Main Adsorption Process Models

4.1.1 Langmuir model

One of the models for the description of the adsorption process is the Langmuir
model, which assesses the surface coverage in dynamic equilibrium conditions,
balancing the relative rates of adsorption and desorption.
The model assumptions are the following:

* There is only one layer of adsorbate on the surface (monolayer adsorption);

 All the adsorption sites have the same energy;

* The process is reversible (both adsorption and desorption);
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* The interactions between sorbate molecules are negligible.

The basic parameter of the Langmuir model is the coverage defined as the ratio
between the occupied sites and the total number of sites available on the adsorbent
surface.

This approach is a kinetic one, so, the process can be seen as a reversible reaction:

HZO(g) + Freesites <=> H20(l) “4.1)

The direct reaction represents the adsorption process (exothermic), while the
reverse reaction represents the desorption process (endothermic). Both are associ-
ated with a reaction constant, which is useful to evaluate the reaction rate. Thus,
an equilibrium constant is defined, which is the ratio between the two individual
constants. Furthermore, the equilibrium condition is satisfied if the adsorption rate is
equal to the desorption rate. Based on this definition of the equilibrium between the

two processes, the following law can be established:

__H(T)p
0(p,T) = T H(T)p (4.2)
where
K,
H(T) = o (4.3)

which is a constant that for low coverage is precisely the Henry’s constant, since
the term H (T )p at the denominator of the (2.9) is neglected (pressure tends to zero)
and, so, the relation between the coverage and the pressure is linear.
The main drawback of Langmuir model is that it does not well describe the behaviour
of silica-gel at equilibrium (except for low coverage) because of its simplifying

assumption of a homogeneous monolayer adsorption.

4.1.2 Dubinin-Polanyi model

The main idea behind this theory is that the porous material (adsorbent) is defined
as a solid with a certain amount of available empty volume in the pores which
can be filled by the adsorbate, considered as a continuous fluid. Consequently, the
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fundamental parameter at the core of the model is the specific volume of micropores,

expressed as it follows:

Wo = Y 4.4)

Madsorbent
where V is the volume available for the adsorbate, and m,4,,,pens 1S the sorbent

mass. The specific volume occupied by the adsorbate, instead, is given by:

VVS _ Vadsorbate (45)

Mgadsorbent
Where V,i50rbate 1S the volume occupied by the adsorbate. Under certain pressure
and temperature conditions, it is possible to fill only a certain amount of volume. At
the saturation pressure, the total volume is occupied so W is equal to Wj.
The variation of the free energy between the adsorbate in equilibrium with the adsor-
bent and the saturated fluid at a fixed temperature is named “adsorption potential”
and it is formulated as:

ps(T)
p

ADB = —Ag =—RTIn

(4.6)

where py(T) is the saturation pressure of the fluid and p is the equilibrium
pressure of the adsorbed phase.
Each adsorbent-adsorbate pair is associated to a characteristic potential curve, since
there is only one relation between adsorption potential and the volume of fluid
adsorbed at a fixed temperature. Even if all the curves are different, there are
analytical formulations for the characteristic curves. One of these is the Dubinin-

Astakhov (DA) equation which is the following:

RTIn 2D\ "
W =Woexp | — T “4.7)

where E is the characteristic energy which depends only on the adsorbent, is the
affinity constant depending on the adsorbate only, n takes count of the heterogeneity
of the pores. The interpretation of these fitting parameters is difficult and represent
the biggest limitation of the DA equation.
Also the Dubinin-Polanyi model presents disadvantages. The main one is that this
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approach does not fit the Henry’s Law, according to which, at low coverage, there is
a linear relation between the adsorption capacity of the adsorbent and the pressure.
Another drawback is that the estimation of the adsorbate molar volume is subject to
significant uncertainty. Finally, the temperature-independent characteristic curve is

not suitable for many systems [116].

4.2 Developed Adsorption Model

The ADS-HX numerical model has been developed in MATLAB and it is based on a
set of balance equations between the hot/cold water, silica gel coating and the humid
air stream. The main reference for the mathematical formulation are [128, 116, 129].

The model is based on 6 main hypothesis:

1. Adsorption phenomena involve only the moisture and the silica gel

2. The adsorption heat is generated inside the silica gel coating pores and it is

related only with the water uptake

3. Adsorption and release are faster than the other phenomena involved. Due to
this hypothesis, the vapor mass transfer between air and silica is a function of
the equilibrium condition [130, 116]

4. The model is taking into account just the air flow direction (mono-dimensional)

5. The convective heat transfer is the dominant one. Temperature gradients
related to conduction are neglected

6. Thermal losses are minimized due to the use of insulation material

and on 5 main balance equations:

dw : [ kg } 4.8)

pp— = Kgas(xa—x*) =G

c dxad ~dxy,
—dy, = —m
bPa dt v adZ

d,—Gd, {@} (4.9)
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dT, dT,
8bPana—adv = _macpad_zadz + haAf(rv - Ta)dv_

dt (4.10)

ULAL(Ta - Tamb>dv [W]

dT, )
cpsps(1 — Sb)d—tsdv = HuysG — haA ¢ (T5 — Ta) — UAf (T — T) W] @11

dT, dT
pwcpwd—twdv = —n'wpwd—zdz —UA¢(T,, — Ty)d, W] (4.12)

which represents (4.8) water mass balance in the silica gel differential volume,
(4.9) the air-moisture mass balance, (4.10) the air thermal balance, (4.11) the sorbent

thermal balance and (4.12) energy balance in the heat exchanger differential volume.

Silica gel water uptake

The phenomenon is driven by the difference of water vapour concentration between
the air stream and the air in the close surroundings of the adsorbent surface (eq.
4.8). As time passes, the adsorption process take places, increasing the amount
of adsorbed water while decreasing the moisture content in the air. Indeed, the
driving force become increasingly weaker as the concentration difference converge
towards zero, which represent the end of the adsorption process. The main equation
parameters are: the bulk density of silica gel p, [%} , K which is the overall mass

transfer coefficient, a;[m? /m?] is the specific area of silica gel, x, [%] is the specific

humidity ration of air, x* is the air humidity ratio in equilibrium with silica gel.

K¢ is the overall mass transfer coefficient. The diffusion mechanism is governed
by the molecular collision and the Knudsen diffusion which contribute in-series
for the diffusion of gas from the bulk to the adsorption site. In parallel with them
is acting also the surface diffusion of adsorbate phase over the solid surface. This
phenomenon is driven by the gradient of the adsorbate phase along the particle
diameters. Using the electrical equivalence [131] (see figure 4.1, 4.2) it is possible

to write the global mass transfer coefficient as:
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Fig. 4.1 Pictorial representation of the Mass diffusion through pores
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Fig. 4.2 Electrical Equivalent of the mass transfer resistance

1 1 ts
I L (4.13)
Kg hm 2Deffpa

where, h,, [%] is the mass transfer coefficient of air, #,[m] is the thickness of
the silica gel coating and D, ¢ [’”Tz] is the effective diffusion coefficient.

The air mass transfer coefficient 4, can be retrieved through the Sherwood
number [131]:
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Ksd
Shq = # = 0.079RL7'SOYT ] (4.14)
kg
hy, = Kfpa {%} (415)

where dj,[m] is the hydraulic diameter, D,, [’"TZ] is the molecular diffusivity in
water vapor in air, Re, is the Reynolds number (eq. 4.17) and Sc, is the Schmidt
number (eq.4.16). In the following lines are reported the main auxiliary equations

used to calculate 4,,.

Sca = p:‘l‘;m -] (4.16)
Re,=P “vzd” -] 4.17)
Le=1077(2.43T +157.5)  [Pas] (4.18)
Pa= R% - 287(1TO—|1—322753.15) {%} (+19)
D,, = 1.735107° (T; +273.15)' 685 {m—z} (4.20)

P s
dy = %" [m] (4.21)
o= Z‘—z ] 422)
o= % [11 (4.23)

Vi m

where T [°C] is the air temperature and P [Pa] is the ambient pressure, R [kgLK]

is the gas constant, T, [°C] is the silica gel temperature, V;, [m?] is the total volume of
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the heat exchanger [132]. Then, Ag,Ap, and Ay, [mz] are the minimum free flow area,

the total frontal area and the total exchange area respectively.

The second term of equation 4.8 is related with the intra-particle diffusion which

is governed by three diffusion mechanism [132]:

1. Surface diffusion: phenomenon related to the transport of adsorbed phase
on the pores drove by the concentration difference of adsorbate. It can be
described as:

DO Hads m2
Dy = Lexp ( —0.947 - ads = 4.24
T ex”( 7;+273.15> {s (4:24)

27 . . .
where Dy [’"T} is a constant value equal to 1.6107°, 7, is the tortuosity factor

[131], T; [°C] is the silica gel temperature ad H,, 4 [i—ﬂ is the heat of adsorption
calculated as a function of the water uptake [132]:

H, 45 = 3500 — 13400W W <=0.05 (4.25)

H,4s = 2950 — 1400W W <=0.05 (4.26)

2. Molecular diffusion: it is related with the gas phase diffusion due to the

molecular collision within the pores. It has been presented in equation 4.20.

3. Knudsen diffusion: it represent the interaction between the gas molecules and
the silica gel surface. It occurs when the pores diameters are comparable with

the mean free path:
)
Dy = 722.86(T, +273.15)% {—} 4.27)
S
where 7, is the pores average radius.

With all the contribution defined, it is possible to calculate the effective diffusion
coefficient (equation 4.28) and so, solve the equation 4.13.

g, [ 1 1 \! m>
Derp=Ds+ L2 — — 4.28
eff S+Ts <Dm+Dkn> {S} (4.28)
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Air - Moisture mass balance

The air-water mass balance is governed by equation 4.9 which highlight that the the
variation of air moisture content over time is related with convection mechanism and
the mass transfer rate G. The equation is written with respect to the infinitesimal
volume of the finned tubes dv and it is related with the void volume fraction eq. 4.29,

and the air mass flow rate n1, eq. 4.30.

Vvoid
&g =— — 4.29
b Vw)id + Vs [ ] ( )
k,
lita = PaApVa H (4.30)

Air Thermal Balance

The air temperature variation along the process evolution, is described by equation
4.10. The three right hand side terms of the equation represent the spatial tempera-
ture gradient along the flow direction, the convective silica-air heat exchange and
the dispersion towards the environment respectively. The convective heat transfer
coefficient A, is calculated through a Nusselt number correlation [133]:

had,

= 0.722Re"*3 py0-3 4.31)
a

Nu, =

where k, [HK—K] is the air thermal conductivity, (assumed to be constant in the

range of interest) and Pr is the Prandtl number. The overall transmittance U, [”g/—K]

through the heat exchange case can be calculated as follow:

1 1 tc 1

I + + =
U [ hamb kal ha

(4.32)

where h,mb is the convective heat transfer coefficient between the ambient and
the external case surface A;, t. is the casing thickness and k,/ is the aluminium

thermal conductivity.



92 Dynamic Simulation of the Adsorption Process

Silica Gel thermal balance

The silica gel thermal balance is described by equation 4.11. The variation of
the silica gel temperature over time is dependent on adsorption heat H,;,, on the
convective heat transfer with the air stream (already seen in the previous sub-section)

and with the water flowing in the heat exchanger tubes.

The silica specific heat has been considered dependent on the water content,

evaluated as:

J
=4178w+921 — 4.33
CPs W+ [ kg K‘| ( )
The water - coating interaction is again described through the electrical analogy,
considering the overall thermal resistance as a series of thermal resistances (see fig.

4.3).

Rcond,silica -gel Rcr.md,tubefwall Rconv,water

TS Ttube,out Ttube,in Tw

Tube wall
Water stream

Silica-gel Fin
layer

Fig. 4.3 Electric resistance scheme for thermal resistances between silica gel and water
Starting from the heat exchanger surface it is possible to identify the conductive
resistance of the silica gel coating layer, the conduction through the tubes surface

and, the last one, the convective thermal resistance of the water flowing in the pipes
[134].

Rs—1o0—w = Rcond,s + Rcond,t + Rconv,w (4.34)
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+ +
UApx nOksAhx 27Tkacu Ay

! b Init ! {K ] (4.35)
w

where £, is the silica gel coating thickness, 7 is the fin efficiency, k; is the silica

gel conductivity (assumed constant and equal to 0.2 [Wm~'K~!], d,andd; are the

outer and the inner tubes diameters, L, is the total length of pipes, k., is the copper

thermal conductivity, A,, is the total inner surface of the water pipes and 4, is the

thermal convective coefficient of water, retrieved with the Nusselt correlation:

hyd;
Nu,, = ]’; L =0.023R2EPA2Y ] (4.36)
w
d.
Rey, = P2di (4.37)
w

with k,, equal to 0.6 [Wm~!'K~!] and the Prantl number of liquid water equal to
6.9.

Finally, the fin efficiency is defined through the following equations:

A in
m=1-"1-ny) [ (4.38)
hx
_ tanh(mLy)
Ny = T [~] (4.39)
2hy,
m= K, [m] (4.40)

with A is the finned surface, the characteristic length L (selected as half of the
distance between two pipes), & is the fin thickness and &,/ is the aluminium thermal

conductivity.

Water loop thermal balance

The water temperature along the pipes is not constant in space and time, as it is

affected by the air temperature and the heat released by the adsorption phenomenon.
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The main purposes of the water flow is to cool-down/heat-up the air stream and the
silica coating. The water temperature evolution is described in equation 4.12, where
the variation of water temperature over time depends on the variation along the air
stream and the temperature difference with the silica layer (first and second left end

side terms).

The water mass flow rate 1, is evaluated as

. kg
my, = prw,cmsst [?} (4.41)

with p,, as the water density, A,, .5 the pipe cross section and the water stream
velocity v,,. The second term is the same used in the previous sub-section, dedicated

to the silica gel thermal balance.

4.2.1 Numerical Equations

In order to develop the numerical model, the five main equations have been dis-
cretized in both time e space domains. Looking at the time domains it has been
chosen a time-step equal to Ar = 1s and the Backward Euler (BE) method for the
discretization. The BE is an implicit method, unconditionally stable for any time-
step (equation 4.42). Concerning the space domain, the finite element size has been
chosen equal to Az = 3mm with a Backward finite difference method (equation 4.43).
Being n the time-step and i the space element, the time and space derivative are
represented as follow:

dT B Tl_n+1 . Tzn

— = 442
dt At (4.42)
dr _ Ti—Ti
e et 4.43
pE Az (4.43)
The five main equations have been written in numerical form.
Silica gel water uptake (eq. 4.8)
Wn+1 —Wn )
pp———— =Kgas(x,—x") =G (4.44)

At
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Wl = w4 Gasl()x“ ) g (4.45)
b

W(z,t =0) =W, (4.46)

Air - Moisture mass balance (eq. 4.9) with defined initial condition.

X n+1 n+1 n+1

n
— Xg; ,
————dv=—my,

€p0g 2
bPa At Az

Xa:

j —Xa;_,

dz — Keag(x," ™ —5M)dv  (4.47)

defining My the bidiagonal sparse matrix of the coefficients and Q4 the matrix of the
known terms, the equation (3.30) can be rewritten as:

xT =My, 10k, (4.48)
where
1+At(A1+A))
My, = —AtA; 1+At(A] +As) (4.49)
—AtAq 1 —l—At(Al —I—Az)
QXa =x," + AtA X" (4.50)
Va
Al = 4.51
: Az (>0
K
Ay = 8% (4.52)
€vPa

In this case, since the spatial derivative appears, it is necessary to define also a
boundary condition (for z=0), in addition to an initial condition (for t=0):

Xa(z,t = 0) = x4, (4.53)

Xa(2=0,1) = xq, (4.54)

which corresponds to:
Mx, (1,1)=1 (4.55)
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Mx,(1,2) =0 (4.56)
Ox,(1) = xq, (4.57)
In this analysis x, is set equal to x,,, .
Air thermal balance (eq. 4.10)
T, T, ' =T, "t
EpPuCPa—2 Y dy = — tigepa— Gl dz+ haay(Ts," — " Hay
At At !
—Ula[(Ta’:—H — Tamb)dv
(4.58)
Defining the matrix of coefficients and known terms, it becomes:
T,V =Mp, 7 '0r, (4.59)
where the sparse matrix M7, is equal to:
1+ At(B;+ B+ B3)
My, = —ArB, 1+AI(BI—|—32—|—B3)
—ArB; 1—|—At(31—|—32—|—33)
(4.60)
while, the known term matrix Q7, is given by:
QTa = Tan + AtBZTSn + ABSTamb (4-61)
with
—_a (4.62)
: Az .
h
By — 44 (4.63)
EpPaCPa
U,
By= (4.64)
EpPaCPa
The initial condition and the boundary condition are set:
Tu(z,t =0) =Ty, (4.65)
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Tu(z=0,t) =Ty,

corresponding to:

Mg (1,1) =1
My, (1,2) =0
0r,(1) =T,

(4.66)

(4.67)
(4.68)

(4.69)

Similarly to the air mass balance, the initial value of the air temperature is imposed

equal to the air temperature at the entrance of the finned tubes: T, = Ty,

Silica Gel Thermal Balance (eq. 4.11)

n+1_TS_n
1

(1—&p)cpsps———"

AL = adsKgas (xain _fin) - haaf(TYi’H—l - Tain)

Va1, T,

from which is possible to obtain and update the silica-gel temperature:

Tsin + AtCy (xain - fin) + Al‘CzTain + AtC3Twin

T, =
S 1+ AtCy + AtCy + AtC
where
HadsKgas

Cl=——"7—*"""—

(1 - gb)cpsps

(1 - Sb)cpsps

U

C; = Y

(1 - 8b)cpsps

(4.70)

4.71)

(4.72)

(4.73)

(4.74)

Since there is only a time derivative, in this case, only the initial condition is imposed:

T_'S'(Z7t - 0) - TYO

the value of T is set to be equal to the inlet air temperature 7y, .

(4.75)
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Water Loop Thermal Balance (eq. 4.12)

ntl _ 1 n Twin+l _ TWi—1n+1

Ly, .
“dv = —cp,m
Pwily Az

Ar dz—Uag(T,""' = T,")dv

(4.76)

introducing the matrix of the coefficient and the known term, the equation (4.72) can

CPwPw i

be rewritten as:
Twin+1 = QWMW_I (4-77)

The sparse matrix M,, is given by:

1+At(C1 +Cy)
M, = —ArCy 1+ At(C1+Cy) (4.78)
—AtC 1+AZ(C1+C2)
The known term matrix Q,, is equal to:
Ow =T," + MG T" (4.79)
with ]
ny,
C = (4.80)
L puAnAz
U
= —d (4.81)
PwCPw

Since both the spacial and the temporal derivatives are present, an initial condition

and a boundary condition need to be set:

Tw(z=0,t)=T,,, (4.82)
Tw(x,t =0) = Tyo (4.83)
which translates into:
M,(1,1)=1 (4.84)
M,(1,2)=0 (4.85)
Ow(l)=T,,, (4.86)

Again, the value of the temperature at the beginning of the simulation 7,9 and at

inlet temperature 7,,, are set to be the same.

in
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4.2.2 Auxiliary Equations

Here are reported the auxiliary equations used for calculate the properties of water,
air and silica gel. These equations are used in all the 5 main equations.

X, 1s the specific humidity ratio of air calculated as a function of the ambient
pressure (P,,,;) in Pa, the saturation pressure of water vapor at a certain temperature
(Pyr) in Pa and the relative humidity of air (RH,):

x, =0.622

Rbala [@] (4.87)

Pymp — RH Py kga

The saturation pressure of water vapor Py, is expressed as a function of air

temperature:

Py = 0.0004677T% +0.02444T3 + 1.359T% +45.98T +604.6  [Pa]  (4.88)

X is the air humidity ratio in equilibrium with silica gel. In order to evaluate
it, the equations used above for the air moisture content are also exploited now,
having as input the silica gel temperature and its relative humidity. The latter one is
calculated using the adsorption isotherm obtained from measurements on how the

relative changes at different values of water uptake W and silica gel temperature 7.

The correlation obtained is the following:

RHy=s51-T+sy-T>+53-W+54-W-T+55W-T*>+56W>+57-T -W*+55-W3+59-T>
(4.89)

where the coefficients are respectively: s1=-0.00249434; 5,=0.0000529632;
§3=5.65527; 54=0.0360887; s5=-0.0000713679; s6=-24.9044; s7=-0.112424;
s8=54.8088; s9=-0.000000123558.

It is possible to notice from Figure 4.4 that the different curves, related to different
temperatures, converge into the same point corresponding to a water uptake of 0.3
kgwkgs_1 , meaning that the maximum increment in weight due to water adsorption

by dry silica gel is equal to 30 % for the temperatures considered.
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Fig. 4.4 Adsorption Isotherm for silica gel form model

The specific heat for air is calculated as:

J
cpa = 1884x,+1005(1 — x,) [kg—K} (4.90)

ayr, which is the specific exchange area between air and silica gel, supposed to be
equal to the specific total exchange surface, i.e. the ratio between the total exchange

surface (sum of fins and tubes) and the total volume of the finned tubes:
A
ap="|m (4.91)
Vi
ay is equal to the casing surface divided by the finned tubes volume:

A _
a = 7 [m 1] (4.92)

4.3 Literature Comparison - A Model Validation

The numerical model described was subjected to preliminary validation comparing
output results with experimental results for finned heat exchangers coated with silica
gel [135, 136]. Once the experimental setup is ready for operation, validation is car-
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ried out on the prototype to fine-tune all the important parameters. The experimental
parameters and geometry data are used. However, not all parameters have been
clearly specified by the authors of the two references. In case of missing parameters,

reasonable hypotheses have been made.

Validation 1 [135]

In [135] the authors propose a novel composite silica gel coated heat exchanger
which is experimentally tested and compared with state-of-the-art silica gel coated
heat exchanger. The main objective is to enhance cooling and dehumidification per-
formance. The influences of main operation parameters including water temperatures
and inlet air conditions on system performance are analysed in terms of average
dehumidification capacity and thermal coefficient of performance. The results high-
light that the novel composition has better dehumidification performance compared
with traditional one. Moreover, pre-cooling has been found as a key variable for

improving overall performance.

The main experimental set-up parameters are reported in Table 4.1. The compar-
ison has been done starting from the second adsorption-desorption cycle, since the
first cycle is affected by the initial conditions which do not represent properly the

system at regime.

Unfortunately, some data are missing, such as the silica-gel layer thickness and

porosity, the tubes pitch and outer diameter.

Outlet air temperature

55

Outlet air specific humidity ratio
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Fig. 4.5 Outlet Air temperature comparison

[135] Fig. 4.6 Humidity ratio comparison [135]
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Table 4.1 Experimental conditions from [135]

Input data reference [135]

Silica gel type Macro pore, ZCX-II
HX length 50 mm
HX height 200 mm
HX width 160 mm
Fin thickness 0.15 mm
Fin pitch 1.5 mm
Tube inner diameter 7 mm
Inlet air temperature 30 °C
Inlet air humidity ratio 145¢, kg,!
Inlet air velocity Im s~
Cooling water temperature 25 °C
Hot water temperature 60 °C
Water flowrate 1601 h~!
Adsorption duration 367 s
Regeneration duration 253s

The obtained results are compared in Figure 4.5-4.6 in terms of outlet air temper-

ature and specific humidity ratio.

Looking at the figures, one can see that the curves are quite coupled in both cases.
The biggest differences are in the peak values