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1. Introduction

During the last 12 years, halide perovskites (HaP) have emerged as the
fastest-emerging third-generation solar cell material, competing well with silicon
and other thin-film technologies. The power conversion efficiency (PCE) of these
easy-to-process and low-cost solar cells has risen from 3.58% to 25.6% from
2009 to 2021 (Zheng and Pullerits 2019; Jeong et al. 2021), already exceeding
that of commercially available thin-film photovoltaics (PV) and rivaling that of
the best singlejunction silicon solar cells. Moreover, HaP have a wide range
of applications including solar cells, water splitting and carbon dioxide (CO,)
reduction, light-emitting diodes, photodiodes in photodetectors, gas sensing, lasers
and solar batteries. However, instability, toxicity of lead and solvents, poor
laboratory-to-laboratory reproducibility, and scalability remain bottlenecks blocking
the commercialization of this technology. Among all these difficulties, instability and
short lifespan are the major impediments to the commercialization of HaP solar cells.
It is crucial to understand the causes of instabilities and develop strategies that will
stabilize this low-cost technology and facilitate its transfer to the market.

The production of solar hydrogen by water splitting through the PEC process
was initially demonstrated by Fujishima and Honda in 1972 (Fujishima and Honda
1972). Fujishima and Honda used titanium dioxide (TiO,) as a semiconductor
photoanode and achieved a low quantum efficiency of 0.1%. A contributing factor
to the low quantum efficiency was the inability of TiO; to absorb photons in the
visible spectrum due to its large bandgap of 3.0 eV. The use of nitrides, chalcogenides,
metal sulfides, and metal oxides as photoelectrodes for PEC water splitting has been
explored for decades (Wang et al. 2017; Tee et al. 2017). Despite several decades spent
in search of suitable materials, no single semiconducting material has been found to
fulfill all the required performance benchmarks for efficiency, durability, and cost
(Shen et al. 2014). Metal oxides are among the most promising candidates for use
as photoanodes in PEC devices for hydrogen production. Their low cost, ease of
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preparation, lattice manipulation flexibility, and stability in the PEC environment
make them attractive (Eftekhari et al. 2017).

Popular metal oxide photoelectrodes for water splitting are TiO, (Eidsvég et al.
2021), x-FepO3 (Kyesmen et al. 2021), bismuth vanadate (BiVO,), and tungsten
trioxide (WO3) (Kafizas et al. 2017). Among these, a-Fe,Oj is a promising material
for use as a photoelectrode in PEC water splitting due to its low bandgap, availability,
low cost, non-toxicity, and stability in aqueous environments. It can absorb light in
the visible region due to its bandgap of ~2.0 eV and promises a maximum theoretical
photocurrent and solar-to-hydrogen (STH) efficiency of ~14 mA/cm? and ~17%,
respectively (Dias et al. 2014; Murphy et al. 2006). In addition, x-Fe,O3 is the most
common crystal structure of the oxides of iron, and it is easy to process (Yilmaz
and Unal 2016). However, the efficiency of x-Fe,Ojs is yet to attain the theoretically
predicted value due to its poor conductivity, high electron-hole recombination,
inefficient charge separation (Lee et al. 2014; Xi and Lange 2018), high overpotential,
and low absorption coefficient, requiring films with a thickness of over 400 nm for
sufficient photon utilization (Sivula et al. 2011). Numerous approaches have been
employed in dealing with the challenges associated with the use of «-Fe;O3 for PEC
water splitting. These strategies include nanostructuring (Ito et al. 2017), doping
(Feng et al. 2020), formation of heterostructures (Natarajan et al. 2017), the use of
co-catalysts (Eftekhari et al. 2017), plasmonic enhancement effects (Archana et al.
2015), and the use of light-harvesting bio-molecules (Ihssen et al. 2014).

In this chapter, we present the challenges of using HaP and «-Fe,Os3 for the
direct conversion of solar energy into electricity and hydrogen fuels, respectively,
with a special focus on the up-to-date strategies that have been engaged towards
overcoming them. The instability of perovskite solar cells is influenced by the
Goldschmidt tolerance, chemical composition, and defects in halide perovskites.
The use of additives to achieve large grain sizes with few grain boundaries and
to passivate the surface and boundaries of HaP is effective in improving the
stability of HaP solar cells. In addition, protecting back-metal contacts from
reacting with the halide perovskites, passivation of 2D perovskites to form 2D /3D
mixed-dimensional perovskites, encapsulation of the devices/modules, and use
of MA-free perovskites as strategies for the long-term stability and lifetime of
perovskite solar cells are presented. For «-Fe,Oj3 films, the simultaneous engagement
of strategies such as nanostructuring, doping, formation of heterostructures, use
of co-catalysts, and plasmonic enhancement effects has shown great promise in
enhancing their photocatalytic hydrogen production. The concurrent use of multiple
strategies for the enhancement of the solar-to-hydrogen conversion (STH) efficiency
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of a-FepO3-based photoanodes is mostly implemented through the systematic use
of interface engineering. More research is still needed to realize the anticipated
commercialization of solar hydrogen production and photovoltaic technologies using
a-Fe,O3 and halide perovskites, respectively.

2. Developments Towards Sustainability of Perovskite Solar Cells

2.1. Stability of Perovskite Solar Cells

Perovskite solar cells/panels in operation must withstand eternal environmental
conditions including heat, moisture, oxygen, hail and external stresses such as
heat/cold cycles, light/dark cycles. Stability can be regarded as the ability to
maintain constant performance while operating under these conditions.

2.1.1. Goldschmidt’s Tolerance Factor and Intrinsic Structural Stability of 3D HaP

Three-dimensional (3D) HaP solar cells are highly efficient but very unstable.
In the AMX; form for 3D halide perovskites, A stands for a monovalent cation
such as cesium (Cs*), methylammonium (CH3NH;*, MA), and formamidinium
(H,NCHNH,*, FA), M represents a divalent cation such as lead (Pb?*) and tin (Sn?*),
and X is a halide anion such as bromide (Br ), iodide (I"), and chloride (Cl ). Some
3D HaP have mixtures of the different A-cations, M-cations, and/or X-anions. The
cubic perovskite crystal structure has an M-cation in the 6-fold coordination position,
enclosed by a corner-linked octahedron of X-anions, called the MX4 octahedral
framework, and A-cations in the 12-fold coordination positions, as shown in Figure 1a.
The size of the A-cation is larger than that of the M-cation, large enough to fit into the
12-fold coordinated voids of the MX¢ octahedral inorganic framework, to maintain
the cubic symmetry, as shown in Figure 1b. HaP can reversibly transition between
cubic, tetragonal, and orthorhombic crystal structures at different temperatures
(Thomson 2018).

The ideal cubic symmetry of the 3D HaP structure is normally distorted in
practice. Possible distortions include M-cation displacement from its central position
and tilting of the MXg octahedron, depending on the sizes of the A-cation and
M-cation. The degree of distortion is determined by Goldschmidt’s tolerance factor
(), given by Equation (1),

V2 (Rp + Rx)
2 (Rm + Rx)

where R4 is the ionic radius of the A-cation, Ry is the ionic radius of the M-cation,

t= 1)

and Ry is the ionic radius of the X-anion. It can also predict whether a combination of
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anions and cations will form a stable HaP structure. For the ideal cubic symmetry, the
ionic size requirement for stability is quite stringent, and the A-cation and M-cation
adjust their equilibrium bond distances to the X-anions, without distortion of the
unit cell, such that t = 1. The tolerance factor ranges from 0.8 to 1.0 for practical
HaP because the cubic symmetry is distorted slightly to accommodate a wide range
of cations and anions. For instance, the MXg octahedron may distort by tilting to
reduce the coordination number from 12, so that a smaller sized A-cation can be
accommodated, thereby decreasing ¢.

(@ (b)

A M X

Figure 1. Cubic crystal structure (a) and A-Cation in 12-fold coordinated voids of
the MX¢ octahedral inorganic framework (b) of HaP with general formula AMX3.
Source: Liu et al. (2015b).

2.1.2. Environmental /External Factors Responsible for the Degradation of HaP
Solar Cells

Heat, light, moisture, oxygen and electrical bias, are among the environmental
factors responsible for degradation of HaP. The action of light and heat on
methylammonium lead tri-iodide may cause the evaporation of volatile components
such as ammonia (NH3) and iodine gas (Iy) (Juarez-Perez et al. 2018). As a result, the
halide perovskite is irreversibly degraded/decomposed. Light soaking of HaP can
cause negative effects such as ion migration (Zhao et al. 2017), halide segregation
(Hoke et al. 2015), and photodecomposition (Kim et al. 2018).
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2.1.3. Impact of Defects on the Stability of Perovskite Materials

The presence of defects in HaP reduces the charge carrier lifetime and impacts
stability. Defects can be located at the interface between the active layers or in the bulk
of the halide perovskites. These defects can be point (zero dimensional), line (one
dimensional), surface (two dimensional), and volume (three dimensional) defects.
Point defects in the widely studied MAPbI; include native defects such as positive
iodine vacancies (Iy*), negative iodine vacancies (Iy ~), neutral iodine vacancies (Iy),
negative lead vacancies (Pby ~2), positive lead interstitials (Pb;?*), iodide interstitials
(Ij), positive methylammonium interstitials (MA;"), negative methylammonium
vacancy (MAy ™), and impurities such as Au interstitials (Yang et al. 2016; Sherkar
et al. 2017; Motti et al. 2019). Yang and co-workers (Yang et al. 2016) showed that
the bulk Iy have low formation energies, low diffusion barriers, and fast hopping
rates, making them primarily responsible for ionic conductivity in MAPbI3. They
also showed that the diffusion barrier and formation energy of gold (Au) interstitial
impurities in MAPbI; are low, leading to possible diffusion of Au into MAPbI;
devices with biased Au/MAPbI; interfaces. Meanwhile, defects such as Pby 2,
Pb;2*, and MAy™* have very high activation energies, implying that their formation
may require very high temperatures or strong irradiation conditions to form, thus
not likely participating in the defects (Motti et al. 2019). Cation substitutions such
as MApyp, and Pbya and substitution anti-sites including MAj, Pby, Iya, and Ipy, are
also present in MAPDbI; (Jin et al. 2020; Yang et al. 2017b). The nature of Schottky
defects and Frenkel-type defects has also been studied in HaPs. Dewinggih and
co-workers (Dewinggih et al. 2017) showed that iodine vacancy/interstitial (Iy* /Iy ™)
Frenkel pair trapping centers are abundant in MAPbI; and are annihilated under
illumination conditions which increases photoluminescence quantum efficiency. Kim
and co-workers (Kim et al. 2014) showed that the formation energies of Schottky
defects (neutral vacancy pairs) such as Pbl; and MAI in MAPbI; are relatively low.
Fortunately, these defects are not trap states that can reduce the carrier lifetime. A
Schottky couple in HaP has very low formation energies and originates from halide
vacancy coupling with the metal vacancies (Motti et al. 2019).

Planar defects include grain boundaries (GBs), surfaces or perovskite/transport
layer interfaces, stacking faults, and twin boundaries. GBs are interfaces between
two grains in polycrystalline materials, as shown in Figure 2a. It has been shown
that degradation in HaP starts at the surface and grain boundaries (Shao et al.
2016). This is because GBs are sources of high defect densities, trap accumulation
sites, infiltration sites for water vapor, and fast pathways for ion migration due
to reduced steric hindrance (Shao et al. 2016). Grain boundaries absorb moisture
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and oxygen from the environment and cause HaP degradation (Wu et al. 2021).
The transformation of the perovskite phase to a non-perovskite phase is initiated
at boundaries which are active sites accumulating chemical species (Yun et al.
2018). GBs serve as trapping centers for charge carriers, leading to non-radiative
recombination that reduces the carrier lifetime, and also causing hysteresis in
the current—voltage characteristic (Uratani and Yamashita 2017). DeQuilettes and
co-workers (DeQuilettes et al. 2015) measured the photoluminescence intensities
and carrier lifetimes from different grains and grain boundaries of the same MAPbI;
thin film. They concluded that grain boundaries are dimmers and show the
fastest non-radiative recombination. The surfaces of HaP are also defective, as
shown in Figure 2b. They contain a large number of charged defects (Zhang et al.
2019b) including iodine vacancies (Wu et al. 2020), X-terminating surfaces with
nonstoichiometric compositions (Qiu et al. 2020), and improper bonding: (110)-X,
halide surfaces with a large number of broken bonds (Jain et al. 2019; Kong et al. 2016),
and Pb dangling bonds (Kong et al. 2016). SRH recombination at interfaces with the
transport layers is the dominant loss mechanism in perovskite solar cells (Sherkar
et al. 2017). With regard to stacking faults, they occur in crystals characterized by
a periodic sequence of atomic planes due to an interruption in the typical regular
arrangement. Song and co-workers (Song et al. 2015) showed that MAPbI; phases
with I/Pb ratios ranging from 3.2 to 3.5 form stacked perovskite sheets with a large
amount of stacking faults, whereas thin films with I/Pb ratios ranging from 2.9
to 3.1 form the conventional 3D perovskite with few stacking faults (alpha phase).
First principle studies of the electronic properties of {111} twin boundaries in mixed
HaP containing FA, Cs, Br, and I revealed that twin boundaries in these perovskites
are nucleation sites for I-rich and Cs-rich formation, which are hole traps and can
cause electron-hole recombination, leading to a loss in V. (Mckenna 2018). Direct
imaging using TEM has revealed twin boundaries in a MAPbI3 thin film range
from 100 to 300 nm wide with twin boundaries parallel to {112}; (Rothmann et al.
2017). By varying the anti-solvent during deposition, Tan and co-workers (Tan
et al. 2020) were able to change the defect density of the (111) twin boundary for
Csp.05FAg.81MA(.14Pbl; 55Brg 45 mixed perovskite to establish the relationship with
PCE. It has been shown that recombination centers limiting charge carrier lifetimes
in HaP are preferentially located close to the surface rather than in the bulk of the
crystal (Stewart et al. 2016).
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Figure 2. Schematic diagram showing grain boundaries (a) and surface defects
(dangling bonds) (b) in HaP. Source: Graphic by authors.

2.1.4. The Reaction of HaP with Metal Back-Electrodes

Another primary source of instability is caused by the reaction of HaP with
widely used metal electrodes when in direct or indirect contact. Gold (Au), silver
(Ag), and copper (Cu) are widely preferred as back-electrodes in perovskite solar
cells due to their high conductivity. Indirect contact occurs when the metal diffuses
through the hole and electron transport layers into the active layer of the device and
reacts with the perovskite to form insulating metal halide species or defect states
in the bulk or at the surface (Domanski et al. 2016), reducing the thermal stability
of the device (Boyd et al. 2018; Domanski et al. 2016). Halide can also diffuse out
of the active layer and make contact with the electrodes. For instance, corrosion
of a silver (Ag) electrode due to the reaction with diffused hydrogen iodide (HI),
produced during the decomposition of a MAPbI; absorber of an encapsulated solar
cell, has been shown to speed up the degradation of MAPbI; (Han et al. 2015). Wang
and co-workers (Wang et al. 2018) showed that MAPbI; reacted rapidly with Ag
electrodes, and the reaction was driven by diffused iodide (I") ions which caused
corrosion of the electrode. Gold electrodes corrode rapidly due to the aggressive
chemical interaction between gold and highly reactive iodine-containing by-products
formed in the course of perovskite decomposition under illumination with intense

139



UV radiation (Shlenskaya et al. 2018). In addition, metal electrodes can diffuse into
the HaP active layer through the hole transport layer or electron transport layer,
leading to degradation of the perovskite (Ming et al. 2018; Zhao et al. 2016b). In
CH3NH3Pbl; devices with Al electrodes and the presence of moisture, Al rapidly
reduces Pb%* to Pb? and converts CHzNH;3PbI; to (CH3NHj3)4Pblg-2H,O and then
to CH3NH;3I (Zhao et al. 2016b).

Electrodes are deposited directly on perovskite in hole conduction layer-free
solar cells (Asad et al. 2019). The perovskites are deposited directly on metal
electrodes in cells without charge transport layers (Lin et al. 2017). Metal electrodes
also make direct contact with HaP in Schottky diodes, resistive switching devices,
and photodetectors. The electrodes of Schottky diodes, resistive switching devices,
and photodetectors also directly contact HaP (Li et al. 2019; Kang et al. 2019). Halide
perovskite becomes unstable when in direct contact with metal electrodes. We
have shown that methylammonium lead tri-bromide (MAPbBr3) perovskite grains
delaminate rapidly on Al-coated substrates as opposed to Au, Ag, Au-Zn, and Sn
substrates (Fru et al. 2021). The direct contact of Ag with perovskites also speeds
up their degradation, leading to a loss in organic cations (Svanstrém et al. 2020).
These results are important in the selection of electrodes for stable charge transport
layer-free solar cells.

2.2. HaP Panel/Module Lifetime

A sustainable transfer of the perovskite solar cell technology from the laboratory
to market requires the module/panel lifetime to be greater than 20 years. A widely
used definition of module lifetime, known as the Tgq lifetime, is the time taken for
its efficiency to decrease by 20% of the initial value (He et al. 2020). The failure of
a module in photovoltaic technology is determined using the Tg lifetime. The Tg
lifetime is calculated using Equation (2),

20%

- Degrad;qte @)

Tso

The median degradation rate (Degradu.) of commercially available solar
modules ranges from 0.36%/year for monocrystalline silicon to 0.96%/year for
copper indium gallium selenide (CIGS), providing Ty lifetimes of over 55.6 and 20.8
years, respectively. These degradation rates were determined from a field test with
solar modules operating under normal working conditions. However, the average
degradation rate of perovskite solar modules is 66%/year, corresponding to an
average lifetime of 0.30 years (3.6 months). These results indicate that perovskite solar
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modules are very unstable under real operating conditions, and intensive research
is needed to commercialize the technology. The lifetime of a solar panel/module is
highly correlated with the stability of the constituent solar cells.

2.3. Improving the Stability of Perovskite Solar Cells/Panels

Various strategies have been employed to improve the stability of perovskite
solar cells. These techniques can be grouped into stable materials synthesis, additives
and passivation, alternative robust functional layers, encapsulation, and engineering
of 2D and 2D/3D mixed-dimensional perovskites.

2.3.1. Towards Compositional Stability 3D Halide Perovskite Materials

Degradation due to light and heat is mitigated by improvement in the HaP
material and interfaces of the solar cell. Careful selection of the organic cation in HaP
is necessary to prevent irreversible degradation (decomposition) under the action
of heat and light (Juarez-Perez et al. 2018). This decomposition is mainly due to
the release of volatile components in MA-containing perovskites. Thus, it has been
shown that going MA free will produce inherently stable perovskites (Turren-Cruz
et al. 2018). An alternative organic cation for 3D HaP is formamidinum (FA). The
high enthalpy and activation energy needed for its decomposition make FA more
resistant to thermal decomposition and produce more thermally stable perovskites
than MA (Juarez-Perez et al. 2019). However, FA-based perovskites lack phase
stability under humidity and thermal stress (Chen et al. 2021). Much effort is being
directed towards the stabilization of the black phase of FA-based perovskites through
additives, doping, alloying, interfacial engineering, etc. (Chen et al. 2021). The use
of a low-vapor pressure inorganic cation such as cesium (Cs) as a substitute for
high-vapor pressure MA leads to a more stable completely inorganic HaP. By mixing
the A-site cations, composition stability can also be achieved.

2.3.2. Additives and Passivation

Figure 3a,b show the schematic diagrams of defective and passivated surfaces.
Most attempts to mitigate these surface defects involve using different additives
that will either improve the film morphology by increasing the grain size to
reduce the number of grain boundaries or cause surface passivation (Zhang et al.
2016a). Passivation can be conducted by using various additives including small
molecules (Xu et al. 2016), polymers (Dunn et al. 2017), ligands (Zhang et al. 2019a),
perovskite quantum dots (Zheng et al. 2019), and 2D perovskites (Rahmany and
Etgar 2021). The effect of grain boundaries on the lifetime of charge carriers has
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been reduced by passivation of the perovskite surface with Lewis acid additives
such as 1,2-ethanedithiol (Stewart et al. 2016) and Lewis base additives (Noel et al.
2014). These studies suggested that the Lewis bases donate electrons to surface
traps, thus preventing them from capturing charge carriers, while the Lewis acids
donate protons, as shown in Figure 3b. Surface treatment by post-deposition
of a variety of Lewis bases (electron-donating molecules) and surface ligands
passivates surface defects, thereby reducing non-radiative recombination. The
presence of excess Pbl, between grain boundaries also has a passivation effect
(Chen et al. 2014). The addition of an optimum amount of potassium iodide (KI)
in triple-cation (Csp 9sFA9.70MA( 15)Pb(lg.85Br0.15)3 perovskite reduces non-radiative
losses and photoinduced halide ion migration by passivation of the perovskite
film and interfaces (Abdi-jalebi et al. 2018). This is achieved by the excess iodide
from KI compensating for any halide vacancies (trap states). At the same time,
potassium ion selectively depletes bromide from the crystal, thereby reducing
trap states that result from bromide-rich perovskites. The formation of benign
(potassium-rich, halide-sequestering species) from excess halides at the grain
boundaries and interfaces immobilizes halide ion migration. The addition of a strong
electron acceptor of 2,3,5,6-tetrafluoro?,7,8,8-tetracyanoquinodimethane (FATCNQ)
into the perovskite functional layer fills grain boundaries, thus reducing metallic lead
defects and iodide vacancies significantly (Liu et al. 2018). Excess MAI intrinsically
passivates the surface of MAPDI; films, leading to a reduced surface recombination
velocity and an improved total carrier lifetime (Yang et al. 2017a). Additives such
as sulfonated carbon nanotubes (Zhang et al. 2016a), Lewis bases such as urea and
thurea (Hsieh et al. 2018), and Lewis acid—base adducts (for example, the Pbl,
adduct with the O-donor DMSO is excellent for improving grain size in MAPbI;
and Pbl, adducts, while the S-donor thiourea is excellent for FAPbI3) (Lee et al.
2015) mitigate defects by producing larger grains with fewer grain boundaries. The
addition of sulfonated carbon nanotubes also passivates perovskite by filling grain
boundaries (Zhang et al. 2016a). Other Lewis bases such as thiophene and pyridine
passivate the perovskite surface by donating an electron to under-coordinated Pb
atoms present in the crystal (Noel et al. 2014). Fullerenes (PCBM) deposited on
the top of the perovskite have a passivation effect which reduces photocurrent
hysteresis and the trap density (Shao et al. 2014). Fang and co-workers (Fang et al.
2020) showed that the 4-fluorophenylmethylammonium-trifluoroacetate additive
passivates both uncoordinated lead and halide ions in the mixed-cation mixed HaP
FA.33Cs067Pb(Ip 7Brg 3)3. This is possible because the trifluoroacetate anion binds
with the lead cation, and the 4-fluorophenylmethylammonium cations bind with the
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halide ion. This dual passivation suppressed hysteresis, halide segregation, and ion
migration, leading to an improvement in the operational lifetime of light-emitting
diodes from 1.0 to 14.0 h. Qiao and co-workers (Qiao et al. 2019) showed that alkali
metals mitigate I; defects in two ways: by increasing their formation energy, thus
reducing their concentration, and binding strongly to them, thereby eliminating
mid-gap states that act as traps for electrons and holes, thus increasing the carrier
density and extending the carrier lifetimes significantly.

(a) (b)

Dangling bond Passivation Passivation
(lewis base) (lewis acid)
/ , o - . .

Detective Surface with dangling bonds Passivated surface

Figure 3. The schematic diagrams of defective (a) and passivated (b) surfaces.
Source: Graphic by authors.

2.3.3. Encapsulation

Encapsulation is an important method to solve instability problems, prevent
the leakage of toxic and water-soluble lead compounds to the environment, and
help the perovskite solar module to pass the hail impact test (He et al. 2020).
In addition, it prevents contact with ambient air, prevents leakage of volatile
components, and reduces moisture and heat degradation. Table 1 describes various
techniques and materials for encapsulating HaP solar cells. High-performance
encapsulation materials should be easy to process and chemically inert and have

143



a low oxygen transmission rate, low water vapor transmission rate, high dielectric
constant, resistance to UV and thermal oxidation, high adhesion to perovskite
solar modules, similar coefficients of thermal expansion to perovskite solar cell
materials, and high mechanical impact strength (Griffini and Turri 2016; Aranda
et al. 2021). The techniques used for perovskite solar cells include rigid glass—glass
encapsulation, ultra-thin flexible glass sheet encapsulation, polymeric laminates,

thin-film barrier-coated webs, and thin-film encapsulation (TFE).

Table 1. Summary of encapsulation methods and materials.

Encapsulation Method

Glass-glass encapsulation
(rigid, widely used,
straightforward, very
effective, very affordable,
incompatible with
flexible devices)

Ultra-thin flexible glass
sheet encapsulation (most
recent, flexible, high cost,

effects on performance and
long-term stability,
needs investigation)

Polymeric laminates and
thin-film barrier-coated
webs (used for both flexible
and rigid solar cells)

Thin-film encapsulation
(TFE) (emerging and
promising, expensive,
challenging)

Description

The device is sandwiched
between two rigid glass sheets
using thermo-curable adhesives
or UV-curable sealants. Edges
are sealed with sealants to
prevent ingress of oxygen
and moisture.

Flexible device sandwiched
between ultra-thin flexible
glass sheets.

Can be used as substrates in
flexible solar cells and as an
encapsulating agent on various
types of substrates.

Direct deposition of a single
ultra thin-film flexible protective
layer on the device using
vacuum deposition methods
including physical vapor
deposition, chemical vapor
deposition, plasma-enhanced
chemical vapor deposition, and
atomic layer deposition.

Source: Table by authors.
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Examples of thermo-curable
adhesives include ethylene-vinyl
acetate (EVA) (Bush et al. 2017),
surlyn ionomer (Cheacharoen
et al. 2018), and polyisobutylene
(PIB) (Shi et al. 2017). UV-curable
adhesives include epoxy resin
(Mansour Rezaei Fumani et al.
2020; Ierides et al. 2021). Edge
sealants include butyl rubber and
PIB (Vidal et al. 2021).

Hermetic glass frit (Fantanas et al.
2018; Emami et al. 2020).

Poly(methylmethacrylate)
(PMMA), polyethylene
terephthalate (PET),
polydimethylsiloxane (PDMS),
polyethylenenaphthalate (PEN).

Metal oxides including Al,O3,
SiOy, TiO,, and ZnySnOy
(Aranda et al. 2021). Multilayer
stacked organic/organic layers
called dyads (Lee et al. 2018) and
ultra-thin plasma polymeric films
(Idigoras et al. 2018).



2.3.4. 2D and 2D /3D Mixed-Dimensional Perovskites

Two-dimensional HaP have layered structures that are similar to the
Ruddlesden—Popper (RP) phases (Ruddlesden and Popper 1958), consisting of a
nanoplatelet (nanosheet) perovskite that is separated by large spacer cations. The
RP phase has the general formula A, 1LyMpX3n11. In this form, A is a small-size
monovalent cation (Cs*, MA™), L corresponds to a large-size aromatic or aliphatic
alkylammonium spacer cation including phenyl-ethyl ammonium (PEA*) and
butylammonium (BA*), M is a transition metal cation (such as Pb?*" and Sn?*),
X stands for a halide anion (such as I, Br—, and Cl ), and the integer n represents
the number of metal halide octahedral [MXg]*~ layers between the two L-cations,
determined by careful control of the stoichiometry (Shi et al. 2018). Two-dimensional
perovskites have strong quantum confinement effects and large bandgaps (Zhang
et al. 2020). In solar cells, 2D perovskites have been applied as primary light
harvesters (Cao et al. 2015), capping layers (Chen et al. 2018), passivation layers
(Jiang et al. 2019), and 2D/3D interfacial layers (Niu et al. 2019). Two-dimensional
HaP solar cells are more stable than their 3D counterparts but less efficient. Moreover,
their hydrophobicity and moisture resistance improve device stability under high
humidity (Zheng et al. 2018).

Two-dimensional/three-dimensional mixed-dimensional perovskite solar cells
combine the stability of 2D perovskites with the excellent light-harvesting properties
of 3D perovskites to produce stable and efficient devices. When grown on 3D
perovskites to form a 2D /3D mixed-dimensional perovskite, grain boundaries and
surface charged defects are passivated to enhance stability (Wu et al. 2021). In
2017, Grancini et al. (2017) obtained a stable 10 cm X 10 cm perovskite solar cell
that maintained its 11.6% PCE for more than 10,000 h under controlled standard
conditions using a fully printable industrial process. Remarkable stability was
achieved through 2D/3D interface engineering in which the 2D layer prevented
moisture ingress.

2.3.5. Use of Stable Metal Electrodes and Very Thin Interlayers

As explained above, diffusion of the widely used Au, Al, Ag, and Cu electrodes
into the HaP active layer is one of the leading causes of instability. Very thin barrier
layers including chromium (Domanski et al. 2016), chromium oxide-chromium
(CrpyO3/Cr) (Kaltenbrunner et al. 2015), MoOx (Sanehira et al. 2016), bismuth (Bi) (Wu
etal. 2019), and amine-mediated titanium suboxide (AM-TiOy) (Back et al. 2016) have
been employed between the perovskite and hole transport layers to protect metal top
contacts from reaction with the halide perovskites. Domanski et al. (2016) showed
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that, at 70 °C, gold (Au) diffused through the HTL into the HaP layer. However,
the diffusion was prevented by depositing a layer of chromium (Cr) between the
HTL and the Au electrode. The Cr layer alleviated the severe degradation of the
device performance at elevated temperatures. In comparison to Au and Ag, Cu
electrodes do not diffuse into the perovskite active layer and produce more stable
perovskite solar cells (Zhao et al. 2016a). Zhao et al. demonstrated that high-PCE
Cu electrode-based solar cells with efficiency above 20% retain 98% of the initial
PCE after 816 h of storage in an ambient environment without encapsulation (Zhao
et al. 2016a). Cu and Ag do not form deep-level trap states in MAPbI3-based solar
cells (Ming et al. 2018). Additionally, the conventional noble metal electrodes are
not sustainable because of the cost, scarcity, and complexity of metal ore extraction.
To overcome these problems, carbon electrodes are gaining increased attention due
to their low cost, excellent stability, and compatibility with up-scaling techniques.
However, ultra-thin buffer layers of materials such as Cr are required between the
electrode and the charge transport layers to ensure good electrical contact (Babu et al.
2020).

3. Solar Hydrogen Production

PEC water splitting, a technology for solar hydrogen production, is an attractive
approach for numerous reasons. First, photocatalytic hydrogen production offers an
attractive route for solar energy storage. This is because hydrogen energy storage
has been considered as the most suitable means for storing excess off-peak power
where long-term storage is a priority (Benato and Stoppato 2018). In addition,
hydrogen can be easily transported via land, air, or sea, making it possible to transport
solar energy (converted to hydrogen) from one geographical location to another.
Additionally, hydrogen fuel already has a vast and established economy with
numerous applications in homes and industries. Hydrogen can be converted directly
into electricity for domestic consumption, use for the powering of automobiles, and
as fuel in the aviation industry (Glanz 2010). The numerous applications of hydrogen
make its production from solar energy more attractive considering the global need
for clean energy production for a sustainable future.

The device used for harvesting solar energy for photocatalytic hydrogen
production is often known as a PEC cell (Figure 4). The basic operation of a PEC
device has been reported by many authors (Glanz 2010; Ihssen et al. 2014). Here,
a summary of the operation of a PEC cell is explained using a device consisting of
a photoanode and a metallic counter electrode immersed in an acidic electrolyte.
Equation (3) presents an illustration of the basic operation of a PEC device for water
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splitting. First, the photoanode will absorb photons when irradiated with incident
photon energy v and become ionized, resulting in the generation of electron-hole
pairs. If recombination does not occur, the hole (h*) becomes separated from the
electron (e~), moves to the surface of the photoanode, and oxidizes water to produce
oxygen gas and H* ions, as shown in Equation (1). The H* ions produced at the
surface of the photoanode are transported to the cathode. Simultaneously, the
electrons produced in the photoanode are driven to the cathode through the external
circuit where they interact with the H* ions to produce H; gas, as shown in Equation
(4). The chemical reaction for the decomposition of water into O, and H, via PEC
water splitting is summarized in Equation (5). Examples of materials that could
be used as a photoanode in PEC devices include n-type semiconductors such TiO,,
BiVQy, and «-Fe,Os5.

e-ﬁ Back contact _\,
e h <
v

@ H,0
H
Bt 0, —

—

Photoanode Pt counter
electrode

1
2hv+ H,0 — 7°Z+ H,

Figure 4. Schematic illustration of the basic operation of a PEC device. Source:

Graphic by authors.
1
At the photoanode : 2ht +H,0 — 2 O, +2H" (3)
At the counter electrode: 2H* + 2¢~ — Hj, 4)
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1
Summary : hv + H,O — 5 O, + H, (5)

3.1. Hematite as Photocatalyst

Hardee and Bard were the first to use a hematite photoelectrode for water
photolysis in 1976 (Cattarin and Decker 2009). The stability of hematite in an aqueous
environment and its ability to absorb photons in the visible region are the major
properties that have continued to attract increased research into its application in PEC
water splitting. An increasing amount of research is still being channeled towards
overcoming the major challenges inhibiting the use of hematite as a photoanode in
solar hydrogen production. The main challenges are outlined in Section 1, which
include its poor conductivity, high electron-hole recombination, and inefficient
charge separation, among others. The strategies which have been developed over
the years towards overcoming the problems that have been limiting the application
of hematite-based photoanodes in solar hydrogen production are discussed in the
following section.

3.2. Strategies for Enhancing the PEC Properties of a-Fe,Oj3 Films

3.2.1. Nanostructuring

Nanostructuring is the fabrication of materials consisting of structural features
in the nanometer scale (Singh and Terasaki 2008). Nanostructured materials provide
flexible space for ease of fabrication, enhanced mechanical stability, confinement
effects, and a large surface area, making them suitable for photocatalytic applications
(Rani et al. 2018). The nanostructuring approach has long been employed in the
fabrication of «-Fe;Os3 thin films to mitigate their poor charge transport property
without compromising their photon absorption for PEC applications. «-Fe,O3 has a
low absorption coefficient and, as a result, requires films of 400-500 nm thickness
for complete light absorption. Because of the short hole diffusion length of 2—4 nm
(Ahn et al. 2014), photogenerated charge carriers in bulk «-Fe;Oj3 films will likely
recombine before reaching the surface of the films to perform water oxidation, which
will result in a low photocurrent in the PEC device. Since thinner x-Fe;O3 films
are not able to absorb sufficient photons for a significant photocatalytic activity,
nanostructuring has been employed to help solve this paradox. Nanostructured
a-Fe; O3 films that can absorb sufficient photons can also offer a large interfacial
area for interaction with the electrolyte, making them suitable for promoting charge
carrier transport during photocatalytic reactions (Tamirat et al. 2016; Annamalai et al.
2016).
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The nanostructuring approach has been widely utilized in preparing «-Fe;O3
films of different morphologies and has been shown to help promote charge
separation on the film’s surfaces where water oxidation/reduction reactions occur
during photocatalysis (Annamalai et al. 2016). Nanostructured «-Fe,O3 films
with morphologies such as nanoparticles (Souza et al. 2009), nanorods (Ito et al.
2017), nanoflowers (Tsege et al. 2016), nanocones (Li et al. 2014), nanosheets
(Peerakiatkhajohn et al. 2016), nanotubes (Kim et al. 2016a), and nanowires (Xie
et al. 2018; Grigorescu et al. 2012) have been prepared for PEC water splitting,
yielding an improved photocurrent density compared to the bulk films (Chou
et al. 2013). Figure 5 presents a schematic illustration for some of the different
morphologies of hematite films for PEC water splitting. One of the major limitations
of nanostructuring is its inability to influence the intrinsic properties of hematite
such as its low electrical conductivity of 107 * O~ cm~! (Tamirat et al. 2016) and
charge carrier lifetime of 3-10 ps (Grave et al. 2018).
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Figure 5. Schematic illustration of different morphologies of hematite films for PEC
water splitting. Source: Graphic by authors.
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3.2.2. Doping

The introduction of impurities into a semiconductor, termed doping
(Grundmann 2010), can positively alter its intrinsic properties for PEC applications.
Doping of semiconductor materials can help to narrow their optical bandgap
and influence electrical properties, such as an increase in the charge carrier’s
concentration and mobility, thereby improving PEC performance (Yang et al. 2019).
For o-Fe; O3, elemental doping involves replacing the lattice iron with foreign atoms,
in order to influence its intrinsic properties for improved photocatalytic capability.
The intrinsic properties of a-Fe,O3 which negatively affects its efficacy in PEC devices
such as its low electrical conductivity of 1074 Q! em ™!, charge carrier concentration
on the order of 10'8 cm?, electron mobility of 1072 cm? V! s~1, hole mobility of
0.0001 cm? V~! s71, and charge carrier lifetime of 3-10 ps have been improved
through doping (Tamirat et al. 2016; Grave et al. 2018). Doping can significantly
cause an increase in the charge carrier concentration in hematite films which directly
improves their conductivity. Both experimental evidence (Gurudayal et al. 2014;
Mao et al. 2011) and theoretical calculations (Zhang et al. 2016b) have confirmed
the enhancement of the charge carrier concentration through doping. In addition,
enhancement of the photocatalytic capabilities of hematite through doping has also
been associated with the passivation of surface states and grain boundaries, shifting
of band edge positions, and the distortion of its crystal structure which facilitates
charge carrier hopping and transport (Grave et al. 2018).

The PEC performance of «-Fe,Oj films has been improved through doping with
n-type dopants such as Ti (Feng et al. 2020; Peng et al. 2021), Pt (Mao et al. 2011),
and Sn (Li et al. 2017), p-type dopants such as Mn?* (Gurudayal et al. 2014), Cu®*
(Tsege et al. 2016), and Ag* (Shen et al. 2014) [4], and non-metals such as Si (Dias et al.
2014), S (Bemana and Rashid-Nadimi 2017), and P (Zhang et al. 2015). Feng et al.
(2020) achieved an over 2-fold increment in the photocurrent density at 1.23 V vs.
RHE and a negative onset potential shift of over 200 mV for «-Fe,O3 photoanodes
through Ti doping. They attributed the improved PEC water splitting to an increase
in the charge carrier density and enhanced charge separation. Elsewhere, a 3-fold
increase in the photocurrent density was achieved for x-Fe;O3; nanorods through
p-type doping with Mn, and the onset potential shifted by 30 mV to a more negative
value. The boost in PEC water splitting was also associated with the increased charge
carrier density as well as the reduced electron-hole recombination rate in Mn-doped
a-FepO3 photoanodes (Gurudayal et al. 2014). In another study, a photocurrent
density of 1.42 mA/cm? at 1.23 V vs. RHE was achieved for S-doped o«-Fe;O3
nanorods, representing a 4-fold increase compared to the undoped films. The authors
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attributed the superior PEC activity to the improved charge carrier mobility of the
S-doped «-Fe;O; films (Zhang et al. 2017).

3.2.3. Heterojunction Formation

The heterojunction architecture involves the coupling of two semiconducting
materials to improve PEC water splitting efficiency. Depending on the semiconductor
materials used to form the heterostructure (n-type or p-type), n-n, p—p, or p—n
junction structures could be formed. Heterojunction formation confers three major
contributions: enhanced visible light absorption, improved charge separation, and
increased lifetime of charge carriers (Tamirat et al. 2016). Heterojunction structures
allow for the incorporation of materials of different bandgaps, broadening the photon
absorption spectrum of the heterostructure for better photocatalysis (Mayer et al.
2012; Sharma et al. 2015; Kyesmen et al. 2021). Additionally, the formation of a
heterojunction results in the development of an internal electric field at the space
charge region between the heterostructures which helps in facilitating charge carrier
transport. This will culminate in improving charge separation and increasing the
carrier lifetime, leading to reduced electron-hole recombination and enhanced PEC
efficiency during water splitting (Bai et al. 2018; Selim et al. 2019).

The charge transport mechanism and energy band diagram of hematite-based
photoanodes during PEC water splitting can be explained using the p-n
heterojunction structure presented in Figure 6. When a heterojunction is formed
between two semiconductors, a space charge layer is created at the interface between
them. For a p—n heterojunction with a hematite-based photoanode, the valence band
(VB) and conduction band (CB) edges of the p-type semiconductor material both
need to be more negative than those of x-Fe,O3 (Afroz et al. 2018). Additionally,
the electrons from the CB of the p-type semiconductor are transferred to the
CB of x-Fe;O3 and then to the fluorine-doped tin oxide (FTO) substrate, where
they move onto the counter electrode through the back-contact to reduce H* to
H;. The movement of photogenerated charge carriers across the heterojunction
is facilitated by the electric field formed at the interface between the composite
materials, enhancing the effective charge separation and reducing the recombination
rate of electron-hole pairs (Liu et al. 2015a). For an n—n heterojunction-structured
hematite-based photoanode, a similar operation mechanism and energy band
bending to those of the p—n junction apply. However, the semiconductor material
is required to have more negative CB and VB band positions relative to those
of hematite.
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Figure 6. The charge transport mechanism and energy band diagram of the
hematite-based p—n heterojunction structure during PEC water splitting. Source:
Graphic by authors.

Furthermore, different composite materials have been employed in improving
the PEC water splitting of a-Fe;Os;. The formation of the o-Fe;O3/NiO
heterojunction structure has been reported to improve the photocurrent density
of a-FepOj3 from 0.042 to 0.156 mA /cm? at 0.4 V vs. AgCl. The improvement was
attributed to the enhanced charge transfer kinetics resulting from the formation of
the a-Fe,O3/NiO heterostructure (Bemana and Rashid-Nadimi 2019). Natarajan
et al. (2017) fabricated o-Fe,O3/CdS heterostructures and achieved a photocurrent
density of 0.6 mA/cm? at 0.92 V vs. RHE and a 0.4 V negative shift in the
onset potential compared to the value recorded for pristine «-Fe,Oj3 films. They
attributed the enhancement in PEC water splitting to the improved photon absorption
and facilitated charge transfer kinetics also resulting from the formation of the
heterojunction structure (ibid. 2017). While different materials have been used to
form the heterojunction structure with «-Fe,O3 for PEC applications, the choice
of the composite material is important for achieving a notable improvement in
water splitting efficiency. Materials that can enhance light absorption and promote
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charge transport can play a significant role in boosting the photocurrent density of
a-Fep,O3-based heterojunction photocatalysts.

3.2.4. The Use of Co-Catalysts

One of the biggest challenges of PEC water splitting using «-Fe,Os is the
overpotential required to drive the water oxidation reaction due to its high activation
energy barrier. The presence of a co-catalyst on photoanodes can improve PEC water
splitting by facilitating water oxidation reactions and decreasing the overpotential
and activation energy, thus shifting the onset potential to a more negative value
(Tamirat et al. 2016).

Noble metal oxides (Badia-Bou et al. 2013), amorphous phosphates (Eftekharinia
et al. 2017; Kwon et al. 2021), borates (Dang et al. 2017), and oxyhydroxides (Kim
et al. 2016b) have been used as co-catalysts on «-Fe;O3 photoanodes. «-Fe,O3 has
been modified with the iridium oxide (IrO;) co-catalyst and used as a photoanode
in PEC water splitting, yielding a photocurrent density of 200 uA/cm? at 1.29 V
vs. RHE, while the pristine films required a positive shift of 300 mV to achieve
the same photoresponse. The IrO, co-catalyst promoted charge separation and
acted as a storage site for photogenerated holes, leading to an improvement in
PEC water splitting achieved for modified x-Fe,Oj3 films (Badia-Bou et al. 2013).
Additionally, the cobalt-phosphate (Co-Pi) co-catalyst has been used to modify
«-Fe;03 photoanodes and recorded a photocurrent density of 1.5 mA /cm? at 1.5
V vs. RHE, plus a negative shift of 185 mV in the onset potential. The improved
performance was also attributed to the catalytic property of Co-Pi which can capture
photogenerated holes, leading to suppressed charge recombination and facilitating
water oxidation (Eftekharinia et al. 2017). Elsewhere, Kim et al. (2016b) used
ultra-thin amorphous FeOOH as a co-catalyst on an «-Fe;O3 photoanode, recording
a 2-fold increase in the photocurrent density, with an onset potential drop of about
120 mV, when applied towards PEC water splitting. The improved PEC behavior was
attributed to the enhanced water oxidation kinetics and passivation of the surface
states of the x-Fe,O3 photoanode due to the modification with the FefOOH co-catalyst
(ibid. 2016b).

3.2.5. Plasmonic Enhancement Effects

Plasmonic metal nanostructures offer a promising route for improving the
solar energy conversion efficiency of semiconductors (Li et al. 2013). Plasmonic
metals can improve the performance of photoelectrodes in PEC water splitting
via three major mechanisms. First, light scattering through localized surface
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plasmonic resonance (LSPR) absorption and re-emission can prolong the mean
photon path in metal /semiconductor composites, resulting in an increased capture
rate of incident photons. Second, hot electrons in the metal nanostructure generated
through the decay of optically excited plasmons are transferred across the Schottky
barrier to the nearby semiconductor, culminating in extra photoactivity. Finally,
when metal/semiconductor composite nanostructures have overlapping LSPRs
and energy band gaps, a large electric field enhancement occurs near the metal
nanostructure’s surface, leading to increased generation of electron-hole pairs in the
nearby semiconductor, a concept known as the plasmonic near-field effect (Fan et al.
2016; Augustynski et al. 2016).

In efforts to improve the photocurrent density of x-Fe,O3 photoanodes during
PEC water splitting, plasmonic metals such as Au (Archana et al. 2015; Shinde
etal. 2017) and Ag (Liu et al. 2015a; Kwon et al. 2016) have been widely employed,
showing great promise. Archana et al. (2015) deposited Au nanoparticles on «-Fe,O3
films and achieved a photocurrent enhancement that was three times higher than
that of the pristine films at 0.6 V vs. Ag/AgCl. The photocurrent enhancement was
attributed to a higher generation of charge carriers due to the plasmonic effects of
Au nanoparticles on the x-Fe,Os3 films (ibid. 2015). Additionally, Ag nanoparticles
deposited on hydrothermally grown o-Fe,O3 nanowires produced a photocurrent
density of about 0.18 mA/cm? at 1.23 vs. RHE when utilized as photoanodes in a
PEC cell, representing a 10-fold enhancement relative to the value obtained for the
pristine a-Fe;O3. The improvement was also associated with the surface plasmonic
effects of Ag nanoparticles on the x-Fe,O3 nanowires (Kwon et al. 2016).

3.2.6. The Use of Multiple Approaches

The simultaneous use of multiple approaches to produce a single photoelectrode
is a concept which harnesses the benefits of the different approaches to enhancing
the PEC performance of hematite to produce a synergetic effect. The concurrent
use of different approaches to produce a more efficient photocatalyst has been
exploited by researchers with some significant successes recorded. Table 2 shows
a list of hematite-based photoanodes in which multiple approaches to enhancing
PEC performance were implemented, yielding a synergetic effect and an enhanced
photocatalytic response.
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Table 2. Hematite-based photoanodes in which multiple approaches to enhancing

PEC performance were implemented.

Photocurrent Photocurrent
Hematite-Based Strategies Density Density Increase Reference
Photoelectrode Engaged Achieved Under Relative to That of
1 Sun Pristine «-Fe; O3
2.1 mA/cm? at
Ti-doped Nanostructuring, 0.67 V vs. .
a-Fe,Os doping Ag/AgClin 1M 2.8 times (Lee et al. 2014)
NaOH electrolyte
Nanostructuring 15 mA/cmn? at
. ’ 1.5V vs. RHE 1 . (Eftekharinia et al.
«-Fe;O3/Co-Pi co-catglyst M NaOH 1.39 times 2017)
loading
electrolyte
Nanostrucrin; LOmA/cm? at
a-Fe,05/ Au I ffeft's 1.23 Vgyge in 1M 2.86 times (Wang et al. 2015)
p KOH electrolyte
1.55 mA/cm? at
. Nanostructing, 1V vs. RHE in . (Rajendran et al.
o-Fe;03/NiO heterojunction 1M KOH 19.37 times 2015)
electrolyte
2
o-Fep, O3/ Nanostructuring, 116.37\;11 ‘2 /Ic{n;IEai;
BiVOy,/ heterojunction, ! ¢ 4.25 times (Bai et al. 2018)
. 1M NaOH
NiFe-LDH co-catalyst
electrolyte
Nanostructuring 432mA/cm” at
Pt-doped . ” 123V vs. RHE in . .
a-Fe,O3/Co-Pi doping, 1 M NaOH 3.43 times (Kim et al. 2013)
co-catalyst
electrolyte
Nanostructuring 260 mA/cm? at
Ti-doped . ” 095V vs. SCE in .
a-Fey03/CuupO dong,‘ 1 M NaOH 16.25 times (Sharma et al. 2015)
heterojunction
electrolyte
N tructuri 4.68 mA /cm? at
«-Fe;O3/Au/ 1::;2;?:;222’ 1.23 V vs. RHE in 3 times (Peerakiatkhajohn
Co-Pi p ' 1M NaOH et al. 2016)
co-catalyst
electrolyte
w-FesOs/ Nanostructuring, 3.16 mA/cm? at
-Fex O3 ; ; ;
Nb-doped heteroj unction, 123V vs. RHE in not given (Yan et al. 2017)
. doping, . electrolyte
SnO, /Co-Pi
co-catalyst under 1 sun
Bai et al. (2018) in their work improved the performance of an o-Fe,O3

photoanode by combining the concepts of nanostructuring, heterojunction formation,
and the use of co-catalysts. In their work, an «-Fe;O3/BiVO,/NiFe-LDH photoanode
was fabricated and applied towards PEC water splitting. A maximum photocurrent
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density of 1.7 mA /cm? was attained by the photoanode at 1.8 V vs. RHE, representing
1.3 and 4.25 times increases compared to the values obtained for «-Fe,O3/BiVO,
and o-Fe; O3 films at the same potential, respectively (ibid. 2018). Elsewhere, Kim
et al. (2013) prepared doped nanostructured o-Fe,O3 with the Pt dopant followed
by surface modification with a Co-Pi co-catalyst-based photoanode when applied
towards PEC water splitting. The doping of the pristine «-Fe;O3 photoanode with
Pt increased its photocurrent density by 74% to 2.19 mA/cm? at 1.23 V vs. RHE,
which was further enhanced to 4.32 mA /cm? at the same potential after loading
with the Co-Pi co-catalyst (ibid. 2013). In a similar approach, Peerakiatkhajohn et al.
(2016) demonstrated the synergetic effect of coating hematite nanosheets with Au
nanoparticles for a plasmonic effect, followed by loading the surface with the Co-Pi
co-catalyst, and achieved a photocurrent of 4.68 mA /cm (at 1.23 V vs. RHE), which
is one of the highest performances reported in the literature for a modified hematite
photoanode (ibid. 2016). The improved performances obtained for hematite-based
photoanodes through the use of multiple approaches were achieved by harnessing
the benefits of the different methods of boosting PEC performance via the systematic
application of interface engineering.

4. Conclusion

In this chapter, promising materials for solar energy harnessing have been
discussed with a special focus on HaP and «-Fe,O3 for direct conversion into
electricity and hydrogen fuels, respectively. Long-term stability is an important
requirement for the sustainable transfer of HaP solar cells from the laboratory to
the market. The instability of perovskite solar cells depends on the Goldschmidt
tolerance, chemical composition, and defects in halide perovskites. Other
components of the solar cell architecture including the back-metal contact and
the charge transport layers greatly contribute to the instability of the device. All
these issues are responsible for the extremely low Tgy (less than 2 years) for
perovskite solar cells as opposed to the commercially available solar cells with
Typ lifetimes exceeding 20 years. Protecting metal top contacts from reacting with
halide perovskites, passivation of 2D perovskites to form 2D /3D mixed-dimensional
perovskites, encapsulation of the devices and modules, and focusing on MA-free
perovskites are credible strategies that, if well developed, will enhance the long-term
stability and lifetime of perovskite solar cells. The intrinsic properties of x-Fe;O3
films such as their poor conductivity and short carrier lifetime have continued to limit
their application for solar hydrogen production. Various strategies for improving
the durability of HaP solar cells and the efficiency of «-Fe;Oj3 films in photocatalytic
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hydrogen production were discussed. The use of additives to achieve large grain
sizes with few grain boundaries and to passivate the surface and boundaries of HaP
is effective in improving the stability of HaP solar cells. Meanwhile, the concurrent
use of multiple approaches such as nanostructuring, doping, the formation of
heterostructures, the use of co-catalysts, and plasmonic enhancement effects has
shown great promise in improving the photocatalytic efficiency of o-Fe,Osz-based
films for solar hydrogen production. Further research is still required for the eventual
commercialization of solar hydrogen production and photovoltaic technologies using
a-Fe,O3 and HaP, respectively.
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Advanced Energy Management Systems and
Demand-Side Measures for Buildings
towards the Decarbonisation of Our Society

Fabiano Pallonetto

1. Introduction

The synchronised power system is one of the top human engineering
achievements of the twentieth century (Almassalkhi and Hiskens 2015). Throughout
the early part of the twentieth century, the number of electrified cities increased,
leading to a connected system identified as the synchronised power grid
(Hughes 1993). Since then, the power system has evolved, presenting new hurdles
for system operators, both at transmission (TSO) and distribution (DNO) level.
Environmental impact, increased penetration of renewable energies, the continued
growth in demand, and the uncertainty of fuel reserves are just a tiny part of a
set of new challenges that the power systems research community is addressing
(Nolan and O’Malley 2015). Grid reinforcement can be part of the solution to
these challenges; however, it is costly and does not always improve the system’s
robustness. Recent blackouts in Germany, Texas and Italy caused by a domino
effect of small evaluation mistakes are the empirical evidence of a more significant
research problem (Boemer et al. 2011; Gimon and Fellow 2021). Assessing these
issues requires complex modelling and extensive computational capabilities and can
lead to counterintuitive results.

In 2012, researchers at the Max Planck Institute for Dynamics and Self
Organisation in Gottingen, discovered that the power grid is affected by Braess’
paradox. This phenomenon was discovered by the German mathematician
Dietrich Braess in 1968 while undertaking studies on road network models
(Pas and Principio 1997). The definition of the paradox as stated in Braess (1968,
p- 1) is as follows:

“For each point of a road network, let there be given the number of cars
starting from it and the destination of the cars. Under these conditions,
one wishes to estimate the distribution of traffic flow. Whether one street
is preferable to another depends not only on the quality of the road but
also on the density of the flow. If every driver takes the path that looks

173



most favourable to him, the resultant running times need not be minimal.
Furthermore, it is indicated by an example that an extension of the road
network may cause a redistribution of the traffic that results in longer
individual running times.”

The same principle applies to the power grid, where adding one or more
links to the power grid could degrade the overall efficiency of the system
(Witthaut and Timme 2012). The increasing energy demand, environmental concerns
and the installation of interconnected Renewable Energy Systems (RES) add
to the underlying complexity of the problem. RESs are associated with low
carbon emissions; however, for the general public, the threats caused by their
intermittent nature are underrated and not well understood (Vargas et al. 2015).
Despite these technical challenges, post-Kyoto regulations endorsed by the
European Union have established the target of full decarbonisation by 2050
(International Energy Agency 2016).

Historically, system operators owned most of the system, and they planned
the generation mix a day-ahead while tuning the daily electricity production
to compensate for unplanned generator outages or unexpected load oscillations.
High penetration of renewable energy increases the complexity of this process to
an unexplored level (Bozalakov et al. 2014). Furthermore, the increasing electricity
consumption caused by a larger adoption of low-carbon technologies in end-use
sectors represents another influencing factor on the demand side of the network. The
increasing percentage of electric vehicles and heat pumps can strain the network
capacity and ultimately lead to blackouts (Veldman et al. 2011).

Extending the control to the demand-side of the system can become part of the
solution (Cecati et al. 2011; Fuller et al. 2011; McKenna and Keane 2016; Nolan and
O’Malley 2015; Torriti et al. 2010). The adaptability of demand is not new to the
dynamics of the power grid infrastructure. These measures have been promoted in
various countries across the world to clip winter or summer peaks and defer grid
reinforcement (Paterakis et al. 2017).

Following these measures, power grids have gradually adapted to the increased
demand and are adopting a higher percentage of new renewable energy generators
such as photovoltaics and wind turbines. System operators did not embrace the
penetration of RES until it started to affect the supply/demand balance of the whole
system, altering the system frequency beyond safety thresholds (Ulbig et al. 2014). At
that point, system operators had to take into account not only the unscheduled
load demand but also the variability of power generation caused by weather
conditions (Bozalakov et al. 2014). These open challenges cannot be addressed
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within the boundaries of the existing power system (Farhangi 2010). The integration
of information technology, communications, and circuit infrastructure could lead to
disruptive technological innovations for the integration of higher penetration of RES,
increasing assets efficiency and reducing overall carbon emissions (Yan et al. 2013).

In this chapter, relevant research on the topic of the built environment, Demand
Response (DR) and optimisation algorithms for DR are critically reviewed, and the
key results and advancements in the area are contextualised. Section 2 assesses the
impact of buildings on the energy system while Section 3 introduces the concept of
demand-side management and DR, assessing the advantages and disadvantages
of automatic versus manual DR. Section 4 assesses how an energy management
systems (EMS) can be used to implement demand response strategies. Section 4.1
examines the idea of home area network (HAN) or local area network (LAN)
and how technological innovation. is changing the interaction between users and
buildings. This part discusses the effect of technological advancements in developing
interconnected appliances and communication protocols. It also focuses on the
definition and characterisation of EMS in a smart-grid scenario. This section discloses
several research gaps on the communication infrastructure between buildings and
the power grid. In this part, an extensive analysis of optimisation algorithms
for DR is presented. Section 5 analyses how advanced controllers can foster the
transition to a lower-carbon economy, reducing the energy costs and facilitating
the integration of renewable in the system. In Section 6, an overall contribution of
buildings towards the full decarbonisation is analysed. The chapter concludes with
Section 7 by identifying a path towards the decarbonisation of our society through
advanced energy management systems.

2. Buildings as a Fundamental Asset for the Decarbonisation

Generally, the building stock can be divided into residential and commercial
buildings. Census data or building surveys can be used to collect relevant information
to characterise the building stock at the country level (Mata et al. 2014). In recent
years, building energy certificates and other geographical information systems have
enriched existing databases and increased data accuracy (Vosa et al. 2021). Moreover,
some European and national projects have compiled available information for a
country or group of countries or new methodologies to certify energy rating for
buildings such as Active Building Research Programme (2013); ePANACEA (2020);
Episcope EU (2013); U-CERT (2019).

The built environment accounts at least for 40% of the total electricity
consumption (Pérez-Lombard et al. 2008). Seasonal peaks are caused by increased
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lighting, cooling or heating demands, and such profiles are also peaking
wholesale electricity prices and reduced reliability due to tight generation reserve
margins. Higher penetration of electric vehicles and heat pumps have caused
an increased demand which is being modulated by RES and the smart grid rollout
(Arteconi et al. 2013; Smith 2010). In these transitional circumstances, where the
global target of 2050 is looming closer, the motivations of massively employing
demand response programs using buildings have never been so compelling.

As illustrated in Figure 1, the European Union has a large and old building
stock that requires retrofitting and upgrading. Despite a significant variation in
the EU members” built environment, full decarbonisation would not be possible
without a massive retrofitting plan across the EU. Furthermore, within the EU, there
is a large variance in the energy consumption required to heat or cool the buildings.
Figure 2 illustrates how more than half of the European countries have an average
consumption per square meter above the average and far from NZEB or passive
building standards.
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Figure 1. Building older than 15 years old of retrofit potential for Europe. Source:
Graphic by author, adapted from Pallonetto et al. (2022).
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Figure 2. Average building consumption for square meter across Europe. Source:
Graphic by author, data from Eurostat (2020).

Among low carbon technologies worth mentioning for the built environment,
there is the heat pump. Heat pumps can reduce the energy consumption of the
building and can be installed and used in tandem with renewable energy sources
such as photovoltaic systems. Heat pumps deployment can also support the evolution
of the power system and contribute to the high penetration of renewable sources
through end-users participation in demand-response markets. Such a combination
makes heat pumps more attractive. Such an advanced technology can meet the
heat demand of the building while reducing carbon emissions by a factor of three
(Boemer et al. 2011; Eriksen et al. 2005; Paterakis et al. 2017). From the power system
perspective, innovations such as building home automation, smart grid rollout, diffusion
of intelligent appliances and EMS integration are necessary prerequisites to boost
the efficiency of the power system while increasing the RES penetration to meet the
emissions target (European Commission 2010). These features will enable electricity
end-users to modulate their electricity consumption by dynamically responding to
fluctuations in the power generation caused by RES (Mohsenian-Rad et al. 2010b;
Pedersen et al. 2017). End-users can manually or automatically alter their consumption
patterns via home automation or EMS controllers in a smart built environment. Grid
reliability and evolution in the regulations to enable DR in the electricity market are
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the primary reasons for the intense interest to develop intelligent EMS that can reduce
energy costs and dynamically adapt to grid constraints (Conka et al. 2014; Pereira and
da Silva 2017).

3. Demand-Side Measures towards the Full Decarbonisation of Our Society

DR is one of the Demand Side Measures (DSM) measures promoted as
a mechanism to increase the percentage of renewable energies in the system (Albadi
and El-Saadany 2008). It is defined as “changes in electricity use by demand-side
resources from their normal consumption patterns in response to changes in the
price of electricity or to incentive payments designed to induce lower electricity use
at times of high wholesale market prices or when system reliability is jeopardised”
(Gils 2014, p. 1).

This measure is being implemented worldwide by various TSOs through
the remuneration of DR aggregators in the electricity market. In some cases, the
aggregators were the TSOs or a related entity. Aggregators can control the energy
demand of residential and commercial buildings, representing 40% of the total
primary energy consumption.

The widespread adoption of DR programs leads to a paradigm shift in how TSOs
manage the grid. Such changes require a bi-directional communication link between
buildings and operators occurring with the smart grid rollout (Silva et al. 2012).

3.1. DR Objective and Programs

A DR signal by an aggregator or TSO, triggers the intentional reshape of
the electricity demand profile. The variation can be measured as the level of
instantaneous demand or total electricity consumption deferred. DR assets can
dynamically change the electricity demand curve, providing peak shaving, frequency
control, load shifting and forcing measures (Nolan and O’Malley 2015).

DR programs can be classified by financial schemes. DR aggregators can
remunerate DR events to end-users with Incentive Based Programs (IBP) or Price
Based Programs (PBP) (Aghamohamadi et al. 2018; Albadi and El-Saadany 2008).
The difference between PBP and IBP is that in the latter one, end users get a financial
benefit or a price reduction due to their affiliation to the scheme.

Among IBP programs, there are market-centred schemes. Market-centred DR
is for medium size users or demand response aggregators. The schemer requires
market access and equipment to connect to the TSOs communication infrastructure.
In these cases, the financial benefit for the user is correlated with the flexibility
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provided. As described in Qdr (2006), the Market-centred DR programs include the
following categories:

1.

Emergency DR. These incentives are proportional to load reduction during
emergency reserve shortfalls events. When utilised, a demand reduction signal
is sent to all large users enrolled.

. Capacity Market Program. This program is for users who can precisely estimate

a determined load reduction when system contingencies happen. The users
involved have a day-ahead notice, and if they do not answer, they are penalised.
The payment is based on the declared peak load reduction achievable by
the asset.

. Ancillary Service Program. Operating reserve is bid in terms of curtailment

capacity. If the bid is accepted after the measure is implemented, customers are
paid the spot market price.

. Demand Bidding (also called Buyback). In this program, consumers bid the

load reduction in the wholesale market, where a bid is accepted if it is less than
the market price.

In the PBP, the electricity price is directly correlated with the market price

(Albadi and El-Saadany 2008). The objective of these schemes is to flatten the
electricity profile to lower peak demand. Typical PBPs may encompass some or
all of the following features:

1.

Time of Use Tariffs (TOU) tariffs where there are two or more time blocks such
as night, peak and off-peak electricity prices.

Critical Peak Price (CPP) is often utilised during high contingencies or higher
electricity usage for a few days or hours or months.

Extreme Day Price (EDP) is a specific subset of the CPP program. In this case,
the electricity tariff increases during a specific time of the day. During the
rest of the day, a flat tariff is used. In this case, the DR event is set for one or
more days.

Real Time Price (RTP), where the electricity tariff is synchronised to the market
time resolution, which typically changes every hour.

3.1.1. Lessons Learnt from DR Pilot Programs

The development and testing of demand response programs have shown

benefits and challenges yet to be addressed. China started piloting DR programs
in 1990, but energy shortages during 2003—2008 reinforced the implementation of
DR pilot projects. Since then, the established DR programs were based on TOU
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rates, Curtailable/Interruptible loads, the use of off-peak storage devices such as
heat storage boilers and ice-storage air conditioners. These programs highlighted
challenges related to human behaviour, absence of competitive electricity markets,
customers unawareness of prices and absence of recovery mechanism for users
and utility investments (Tahir et al. 2020). It should be noted that shifting from
manual load-shifting in response to network stress at predictable times of day to
dynamic programs price- or quantity-based requires additional Information and
Communication Technology (ICT) support. The uncertainties associated with human
behaviour are the main challenges in the implementation of these programs. The
RealValue project included a test bed of more than 800 households across three
different EU nations (Darby et al. 2018). Customers who were used to paying for
a service from the power system became prosumers through distributed generation,
storage and demand response. As a consequence, the connections across the
resources dynamically managed by users and the established actors such as utilities
required innovative ideas and additional user and ICT support to provide a fraction
of potential theoretical flexibility estimated (Darby 2020).

Table 1 summarises and compares the experience of different demand response
trials deployed worldwide and highlights different types of barriers, benefits and
technology enablers (Lu et al. 2020). The table shows how critical is the use
and identification of shiftable/curtailable loads coupled with storage to enable
the deployment of DR programs. Switching to automated direct load control is
complex and requires a reliable and trustworthy IT infrastructure and data exchange
mechanisms. Additional, similar works highlight the importance of user acceptance
and how occupants behaviour is the primary barrier to the success of these programs
(Anaya and Pollitt 2021).
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Table 1. Demand response measures and limitations Legend: v Support it,
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Source: Table by author, data from Lu et al. (2020).

3.1.2. Summary of DR Benefits

Figure 3 shows the correlation between stakeholders and DR schemes. The
benefit for end-users is typically a reduction in the electricity bill or financial
remuneration. On the other side, operators such as TSOs can increase the efficiency
of the market, reducing the volatility and the use of peak generators (Albadi and
El-Saadany 2008). Moreover, from a broad market perspective, DR programs can
reduce the electricity price increasing the capacity of the system (Aghamohamadi
et al. 2018; Braithwait and Eakin 2002). Such benefits also defer grid reinforcement,
reducing the running costs and improving the market efficiency (Paterakis et al. 2017;
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Qdr 2006). The overall reliability of the grid increases thanks to the use of DR schemes
because the dynamic demand curtailment reduces the outage and transmission strains
risks. Furthermore, reducing the contribution of peak generators and reducing the
curtailment operation caused by a surplus of RES generation (EDP Consortium 2016;
Hamidi et al. 2009) reduces the carbon emission of the system.

Benefits of Demand Response Programs
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Figure 3. Overview of demand response schemes for different stakeholders and
from the market perspective. Source: Graphic by author, data from Qdr (2006).

3.1.3. DR Operational Challenges

DR programs can also be classified by the level of automation. Manual DR
measures rely on human actions to reduce or increase loads or alter the demand
profile. For semi-automated DR measures, the user controls a digital system to trigger
a demand response action. When using automated DR strategies, an external signal
operates a programmed method and consequently does no human intervention is
required. However, in this case, users must always be able to override the system
(Piette et al. 2006; Rothleder and Loutan 2017).

Within the many challenges to DR schemes, a key factor is the availability of
reliable resources. In some cases the system cannot respond to the DR signal; therefore
capturing the available flexibility and capacity of the resources using flexibility metrics
and metering equipment is a fundamental requirement to implement such programs.
Additionally, the stochastic consumer behaviour could reduce the benefit of DR
schemes if not considered. The high variability of the DR resources could be smoothed
by aggregation. In fact, in Nolan and O’Malley (2015), when stochastic behaviour is
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accounted for, the aggregation of few thousand households represents a stable DR
asset. Hence, the domestic sector electricity demand has the potential to provide
services such as spinning reserves, frequency controls and Short Term Operating
Reserve (STOR). In the building sector, STOR can be exploited using automation or
increasing the energy awareness of the occupants.

4. The Role of Advanced Energy Management Systems

The smart grid is the next generation of the power system that enables a
two-way communication channel from the end-user to the TSO, with the objective
of monitoring and controlling end-user electricity demand in a power system with
high RES penetration (Farhangi 2010).

The employment of smart grid technologies will support European countries
to reach their CO, emissions reduction target and renewable generation increase
(European Union 2017). In particular, the EU climate-neutral goal by 2050 is
ambitious; increase penetration of RES to meet annual maximum generation. To
reach the target, RES generators with their variable and uncertain electricity supply
have been connected to the grid, thus increasing the operational challenges for system
operators. The increasing wind and solar penetration impose significant technical
difficulties such as large frequency variations, which require strict voltage control.
These requirements have led to the utilisation of the smart grid for automatic DR
projects in commercial, industrial and residential buildings (O’Sullivan et al. 2014).

Automatic DR control of heating, cooling and light systems requires the presence
of one or more interconnected sensors and one or more corresponding controller
devices. The sensors are usually connected to the cloud with a HAN or LAN. A
DR controller device, called EMS, can read the sensor data and reshape the energy
demand of the building according to a price or an interrupt signal from a TSO. Some
of the systems are defined as intelligent. In this context, an intelligent appliance,
algorithm or control indicates a system that uses various artificial intelligence
computing approaches like neural networks, Bayesian network or optimisation
techniques (Antsaklis and Passino 1993).

4.1. HAN/LAN, Definition and Developments

A HAN is a dedicated data network infrastructure within buildings built for
data transfer and device communication. In the late 1990s, HANs became the emerging
gateway to connect devices to the Internet. The availability of Internet access in buildings
has boosted the diffusion of HAN systems since the early 2000s (Clements et al. 2011).
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The de facto standard for the first period of HAN development was the Ethernet and
802.11 Wi-Fi standard (Huq and Islam 2010).

In the coming decades, the rate of diffusion of HANs across buildings is set to
increase exponentially. In fact, the total number of connected devices is expected to
reach 50 billion by 2030 (Ahmed et al. 2016). A good percentage of such devices will
exchange sensor data in real-time and require low bandwidth, meaning that there
is less stress on the overall network infrastructure. The phenomenon of connecting
any device to the Internet is covered by the all-encompassing phrase the IoT (Ahmed
et al. 2016; Atzori et al. 2010).

The use IoT devices connected to the HAN to perform actions that could
reduce carbon emissions or peak power consumption has different requirements
than the standard use of HAN (Darby 2006). In fact, only a small percentage of HAN
connected devices can be classified as smart-grid enabled.

A smart-grid enabled device provides a two-way communication system to utility
companies and could be remotely controlled to increase the overall efficiency of the
power grid (Balakrishnan 2012; Bazydlo and Werminski 2018). It is necessary with
these devices to have a stable link and low bandwidth allocation (Gungor et al. 2011).
The devices affected by these changes include thermostats, HVAC systems, major
appliances, home automation systems, EMS, lighting, gas meters, water meters, and
electricity meters.

In recent years, the increased installation of local renewable energy systems
such as PV and solar panels has raised additional challenges for the HAN research
community (Liserre et al. 2010). Controlling in real time a RES at the building level
with smart-grid enabled devices increases the complexity of the problem.

Additionally, inhibitors to the adoption of HAN as part of the smart-grid
infrastructure are categorised in Eustis et al. (2007):

¢ Energy pricing that provides financial benefits to control energy use more
efficiently and enable consumers to reduce their costs.

* Open, flexible, secure and efficient communication protocol established and
accessible.

¢ Compliance of the services with consumer choice and privacy; wherein the
consumer, ultimately, is the decision-maker.

Despite a general awareness that an interconnected system can enable utilities
to more effectively balance energy demands and integrate with renewable energies
systems, the above challenges raise additional questions about the architecture of
HAN, different communication protocols (Huq and Islam 2010) and the strategy and
algorithms that can be implemented by an EMS connected to HANs.
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4.2. The Architecture of HAN in a Smart Grid Scenario

As previously noted, there is a trade-off between keeping the HAN architecture
simple and efficient versus safeguarding the privacy and security of the users. In
a smart grid scenario, it is essential to guarantee the safety of the network against
cyberattacks that could compromise the entire power grid.

The interconnection between the various devices and the HAN should consider
the bandwidth allocation and the potential vulnerabilities that each device could
expose. As illustrated in Figure 4, installing a Home Energy Gateway or EMS that
can separate the smart-grid-enabled devices from other devices could increase the
security of the system. This architecture design utilises a connected gateway as a
demilitarised zone, enhancing the security of the data transfer and controls. The
presence of an EMS or smart gateway is also mentioned in Clements et al. (2011),
where they draw a clear distinction between the two different layouts.
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Figure 4. Overview of connected devices and local renewable energies systems to a
HAN infrastructure via a home energy gateway devices. Source: Adapted from
Pallonetto et al. (2021).



The layout in Figure 5 assumes the presence of a dedicated network with the
TSO connected to the appliances. In this example, the home gateway is a proprietary
stand-alone device. This layout keeps the data transmission physically separated
through a virtual private network. The main advantage of this configuration is
the increased data security and reliability. The dedicated network can also provide
a minimum band allocation to ensure a sufficient data throughput. The main
disadvantage of this layout is the high infrastructural cost. Hybrid designs require
less network infrastructure because the appliances are connected to the utility using a
shared network such as the Internet. In this scenario, the band allocation may represent
a challenge, and several security risks have been identified (Huq and Islam 2010).

Int ¢ Utility or DR Utility
nterne aggregatpr Network
Internet
gateway
utility
gateway
Settings customer’s
preferences
Control System
Water heater Appliances HCAV EV
Third party Consumer Utility

Figure 5. Overview of HAN infrastructure on a dedicated network. Source: Graphic
by author, data from Pedreiras et al. (2002).

In contrast, in rural areas which lack sufficient network infrastructure, the
layout in Figure 6 represents the only viable solution for data exchange between the
HAN and TSO. Different communication protocols can also affect the layout of the
interconnection between appliances and EMS or between the EMS and TSO. The
following section examines the required band allocation, common communication
protocols and their characteristics.
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Figure 6. Overview of HAN infrastructure on a shared network. Source: Graphic
by author, data from Pedreiras et al. (2002).

4.3. Communication Protocols for HAN

Communication protocols are used for data transmission between sensors and
the HAN. During the last decade, various attempts at protocol standardisation have
been made, each with limited success (Eustis et al. 2007). Different protocols can be
categorised into three broad categories: new wires, no new wires and wireless, as
illustrated in Table 2.
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Table 2. Overview of different commercial communication protocols and evaluation
of their suitability for smart grid applications.

Technology Category Frequency Data Rate Range Power Consumption Application
Bluetooth wireless 24 GHz 25 MB/s 10m Low Smart health devices, close range
communication
DASH7 wireless 433 MHz up to 200 1000 m wireless Low Smart cities, smart buildings, smart
KB/s transport, smart health
ZigBee wireless 24 Gl:ézé (I]\/I;:ls GHz, 250 KB/s up to 100 m wireless Low Smart homes, smart health
z
- . . . P Smart homes, smart health, smart
WiFi wireless 24 GHz or 5 GHz 6.75Gb/s up to 1 km wireless Medium
buildings
3G wireless 0.85 GHz 248 Mb/s 1-8 km High Smart cities, smart transport, smart
industries, smart grid
4G wireless up t0 2.5 GHz 800 Mb/s 1-10 km High Smart homes, smart industry, smart
grid
Ethernet wired up to 100 GHz 100 Gb/s up to 500 m Medium Smart homes, smart industry, smart
grid
Power-line  no new wires up to 250 MHz 1.3Gb/s 300 m Low Smart homes, broadband, smart
grid

Source: Adapted from Ahmed et al. (2016).

In the new wires category, the de facto standard is ethernet (Pedreiras et al. 2002).
The ethernet protocol is widely established and reliable. This protocol allows for
greater integration with modern security mechanisms and procedures. The data
transfer performance, from 10 Mb/s to more than 100 Gb/s, is sufficient for the
throughput required. The main disadvantage of this technology is that the cable
cannot be shared among different devices, so it requires a star design with one link
for each device. Consequently; it is not extensively used in residential but mostly in
commercial buildings (Ahmed et al. 2016).

In the wireless category, there are different protocols such as Bluetooth,
ZigBee, Wifi and DASH7. A shared feature between the ZigBee, DASH7 and
Bluetooth protocols are low energy consumption. However, Bluetooth has a lower
communication range compared to ZigBee and DASH7 (Hayajneh et al. 2014). This
limited range makes it suitable for smart health devices connected with phones
or accessories paired to a central device. Although the hardware complexity of
Bluetooth is lower than ZigBee or DASHY?, it is not reliable for smart buildings or
mobile devices that require longer ranges. Comparing DASH7 and ZigBee, the main
differential is the trade-off between range and data rate transmission. ZigBee has a
higher data transmission rate while it has a lower distance range.

In the no new wire category, one of the most common protocols is the
powerline. Powerline protocols allow for communication via electricity sockets
(Pavlidou et al. 2003). The disadvantages of this protocol are the limited distance
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range and the interference in the power supply, which can lead to fluctuations in the
quality of the communication.

4.4. Overview of EMS Features and Objectives

During the last few years, the research and development on EMS have
increased (Beaudin and Zareipour 2015). An EMS can be defined as a group of
technologies used to manage the energy profile of a building, reducing the overall
energy expenditure. Among these technologies, it is possible to include sensors,
smart thermostats, electronic displays and smartphone apps that increase energy
consumption awareness and offer remote or automatic control.

As suggested by Aman et al. (2013), an EMS should exhibit the following
characteristics:

1. Monitor the energy consumption. The system provides energy consumption
information at various time resolutions.

2. Disaggregation of the energy consumption. End-users can benefit from
information about the real-time impact of appliances over a period of time.

3. Data availability and accessibility. The system makes the information available
to the end-user via an interface. The interface is deployed as a physical device
or through a web or mobile portal.

4. Appliances control. The EMS should provide programmable, remote and
automatic control of devices

5. Data Integration. Integration of different types of information such as indoor
temperature, humidity, acoustics, and light; and consumer historical data.

6. Ensuring cyber-security and data privacy. The system must restrict
unauthorised access to third parties.

7. Intelligent controls and insights of data analytics. A requirement is to
trigger smart actions that optimise energy consumption, maintaining
consumer comfort.

As Paradiso et al. (2011) highlighted, EMS should perform intelligent actions
that balance energy consumption and comfort. Specific algorithm techniques such as
machine learning, data analysis or predictive control can be used. From the power
system perspective, an EMS must be used more extensively for DR or to draw up
a house profile o target energy improvement measures.

In Table 3, several studies have been examined based on some of features
suggested by Aman et al. (2013) and Paradiso et al. (2011). All the EMSs have energy
monitoring capabilities, and five have data disaggregation capabilities. The feature
absent in the studies was the possibility to control load using intelligent algorithms.
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In general, consumers are not aware of how an electrical system inside the building
works, and, due to a low electricity price, they are not motivated to use their time to
make energy-related decisions (Bartram et al. 2010). Therefore, to reach the objective
of the EMS, the algorithm must perform intelligent actions to balance consumer
comfort and energy consumption. Moreover, in a DR scenario, a smart EMS can
adjust the power consumption to reduce the cost by exploiting the price signals, such
as RTP, CPP or TOU. The action reduces the responsibility of the consumer to control
and manipulate all their appliances all the time, while also providing flexibility to
the power system for the integration of RES. The load controllability and the use of
intelligent algorithms represent a research gap in the current literature that should
be addressed.

Table 3. Features and characteristics of EMS technologies.

Evaluation Meteringand ~ p; Actuators Cybersecurity  Smart Controls
Criteria Analytics and Intelligence
Totu (Totu et al Yes No Not discuseed Yes for large scale Yes Yes No Yes advanced
2013) = infrastructures algorithms
Manual remot
Decentralised at High scalability anua’ remote
PERSON (Y L tand I control of the Context-aware
an, . user premise; no . ow costand low
s Yes (API) Yes P Not discussed switches and No intelligent
and Li2010) web or mobile power
" dimmers in the algorithm
interface consumption
home.
Bess Ye ¢ AI
s, smart
(Mahfuz-Ur-Rahman Yes No Not available Yes Not available Yes No © trol
ntr
etal. 2021) control
WattDepot Open source;
Web based ;
(Brewer and Yes No ,i ’:’e No freely available No Limited No
Johnson 2010) interface not scalable as it is
Requires indirect
Viridiskope (Kim . sensors; no inline
Yes (discontinued) Yes Not discussed No API present No No No
etal. 2009) installation
requires
Interactive; readily Low scalability
Mobile feedback
(WO' ! “t“l 20'59) Yes Yes available feedback Not discussed because of the No No No
feiss et al. on smartphone mobile app
No APIbut
Web based UI, possibility to have Medium, it
DEHEMS (Li .
L% 1(3)"‘ Yes Yes real-time display integrated sensors, requires third No No No
eta
unit electric supply, gas party sensors
supply line
EnorayW Integrated
nergyWiz cal usa equires mobile
(Petkov and Foth Yes No Mobile phone app historical usage Requires mobile No No No
and user info from app installation
01 peers.
Low, requires
Yes, s
Nobel mobile app ! %f‘;'""{t "
oe Yes Yes Mobile phone a N stallation and No No goritm bu
(Karnouskos 2011) cotlephoneapp © S requires human
sensor integration
\ s " interaction
not presen
Simapi (Pallonetto Yes No Web and mobile APl Yes, high Yes No Yes
etal.2021) app scalability
No, requires
" X . . Integrated API, ot
Alis (Rodgers and Yes No Web, smart phone B on extensive Yes (limited) No No
Bartram 2010) app, touch panel installation; less

community usage Affordable

Source: Adapted from Aman et al. (2013).
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4.5. EMS in Smart and Active Buildings

As illustrated in Figure 7, one of the key features of the smart grid is to enhance
the communication capabilities between building systems and the power grid. Such
communication includes a network infrastructure inside buildings that could monitor
and control the electric systems connected to the HAN.
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& |
SolarPanels  Wind Batteries
Thermalstorage  Co-genrator Metering
Distributed Aggregators
) Energy
Generation Resources Utilities o l
e Home Area Network
22
Power Grid Power Aggregatoror Data Neighbour Metrology Home area
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P i controls flow of load control and
and Control Monitorin commands) between connection from oal
g the utility and the NAN meter to utility energy to/from dynamic response
i i buildin iliti
System controlfor  Grid power supervision, or HAN elth.erdlrecﬂy g by utilities Load
S orviadata control: meter
monitoring and control and network Low end meter : . .
| protection system Data concentrator aggregator " - communicate with
contro solutions . + MPC8308 + 8-bitMCU appliances water
» protection + 9S08LL/LH/AC
itori d system solutions, . LMx28 NAN: heater, pool pumps,
Monitoring an h ’ « P102x + G3OFDMPLCon electric hybrids
control systems protective relays and i + Smart Single- i
controls switches for metering comms g vehicles
* MPC8XXX th id « MC12311 and Three- phase
. e power gri "
QorlQ P 8 + Metering Meters 32-bit MCU Demand Response :
+ MK30 i
Power protection Comms SoC © MCFSIEM256 sgnd price/volume
. MSC9130 signals to users for
Relay/Switch control load shlftmgandA
. 8-bitMCU smart consumption

Energy Gateway/
Manager : inteface
with smart objects
in home to monito
control energy

« 32-bit Coldfire
+ 32-bitKinetis

Figure 7. Example of a HAN/LAN and EMS communication in a smart grid context.
Source: Adapted from Balakrishnan (2012).

Alam et al. (2012) define a smart dwelling as the end node of the smart grid that
provides services in ambient intelligence, remote home control or home automation.
Furthermore, each dwelling or node of the smart grid has the possibility to broadcast
information about its electricity consumption profile and status. In a smart house,
the EMS adapts the house energy consumption to the overall grid requirements
without affecting the comfort of the occupants. However, to provide flexibility to
the grid and reduce carbon emissions, buildings require communication capabilities
(smart buildings) and advanced energy features. Therefore, in the last few years,
researchers have pushed for a standardisation effort to formally define and categorise
buildings with the capability of being integrated into the power system as active
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buildings. An active building is a building that can generate, store and modulate
energy to adapt to their own demand or to the needs of the local grid (Fosas et al.
2021). The massive deployment of EMS in active and smart buildings could boost
the decarbonisation both at the end-user and system level.

5. Control Algorithms for Implementing Demand Response in EMS

An EMS is defined as a system that can access information on energy
consumption and generation at the building level and can implement DR measures
to control heating and cooling systems, appliances or other devices connected
to optimise the power usage and respond to grid signals. As illustrated in
Pallonetto et al. (2020), the EMS in a DR scheme aims to different objectives:

¢ Reducing the overall energy consumption by increasing awareness providing
data analytics and decomposition of energy use. Additionally, the EMS can
control systems and appliances i.e., operating an HP at maximum COP, or
optimising the inverter efficiency in a PV system with an MPPT algorithm.

¢ Shifting energy demand. Reducing peak consumption by exploiting TES or
electric storage is a common DR measure. A signal can also trigger the measure
and so that the control can shift the load to off-peak hours.

¢ Forcing loads. Forcing the use of high-load systems can be facilitated by storage
and can be triggered by a DR signal during high penetration of RES in the
system or locally generated electricity /energy.

The consumption reduction method is implementable in many different ways,
whereas, the implementations for shifting and forcing is challenging. The main issue
is the lack of standard flexibility metrics and the slow adoption of domotics systems.
Additionally, time-dependent electricity tariffs provided by utilities or the market
are not necessarily aligned to end-user demand profiles, hence storage is required to
implement DR measures (Gottwalt et al. 2017).

Encoding a smart algorithm in the EMS can potentially minimise the overall
energy consumption and cost while ensuring the expected service level and
thermal comfort.

Optimisation Problems and Solution Methods

The use of control algorithms for building management systems is a recurrent
theme in the literature. (Gatsis and Giannakis 2011b; Mariano-Hernéndez et al. 2021;
McKenna and Keane 2016; Yoon et al. 2014). The control algorithms are characterised
by a specific objective function and a set of constraints. In a DR program, the objective
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function aims to cost or energy minimisation or welfare maximisation. Welfare is defined
as the utility profit minus the generation cost and system losses (Dong et al. 2012).

As described in Pallonetto et al. (2020), Table 4 summarised an extensive
literature on DR optimisation algorithms. Optimisation methods are reported on
the columns while rows indicate the objective functions. The control algorithms
assessed in this table have been tested to enable buildings to participate in DR
programs. Nevertheless, other perspectives for intelligent EMS can include the
market, the distribution grid and the buildings. Thus, 4 of the 38 papers assessed (3L,
7U, 20W, 36B) embed multiple optimisation strategies, such as mixed linear integer,
continuous integer and quadratic programming, to reduce power flow overloads
caused by variable renewable energy generation or load variations. In 7U and 36B,
the EMS use electric storage to provide flexibility to the power system. The paper
20W illustrates a distributed algorithm with a minimal communication overhead.
The system force loading in proportion to high uncertainty loads or generation
such as renewable. The paper 3L include specialised constraints for balancing the
distribution network. These two papers, despite the different approaches, top-down
and bottom-up, respectively, aim to maximise the welfare in a smart grid system.
One of the limitations of the control systems analysed is that none of these papers
provides a comparable optimal solution.

Table 4. Optimisation problems and solution methods in for DR in the literature

(see Table 5 for legend).
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Source: Reused from Pallonetto et al. (2020).
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Table 5. Legend for Table 4.

Reference

Behrangrad et al. (2010)
Cao et al. (2012)
Cecati et al. (2011)
Chang et al. (2012)
Chen et al. (2011)

Chen et al. (2012)

Choi et al. (2011)

Cui et al. (2012)
Zhang et al. (2011)
Doostizadeh and Ghasemi (2012)
Ferreira et al. (2012)
Gatsis and Giannakis (2011a)
Gatsis and Giannakis (2011b)
Gudi et al. (2012)

Guo et al. (2012)

Jiang and Fei (2011)
Hedegaard et al. (2017)
Alibabaei et al. (2016)
Joe-Wong et al. (2012)
Kallitsis et al. (2012)
Logenthiran et al. (2012)
Mohsenian-Rad et al. (2010a)
Molderink et al. (2009)
Soares et al. (2011)
Sortomme and El-Sharkawi (2012)
Totu et al. (2013)
Wang et al. (2012)

Xiao et al. (2010)

Reference
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Algorithm
Interior point method
Commercial software
Multiple-looping algorithm
Evolutionary algorithm
Greedy search algorithm
Lyapunov optimisation technique
Relaxed convex programming
Simulated annealing
Lagrange-Newton method
Sequential Quadratic Programming
Benders decomposition
Q-Learning algorithm
Filling method
Co-Evolutionary PSO algorithm
Branch and bound method
Parallel distribution computation
Signaled particle swarm optimisation
MPC (Model Predictive Control)
Author’s software
Distributed subgradient algorithm
Iterative decentralised algorithm

Lagrangian dual algorithm



Table 5. Cont.

Position Reference Reference  Algorithm
29 Zhu et al. (2012)
30 Yoon et al. (2014)
31 Ma et al. (2011)
32 Cole et al. (2014)
33 Bianchini et al. (2016)
34 Kircher and Zhang (2015)
35 Schibuola et al. (2015)
36 Knudsen and Petersen (2016)
37 Park et al. (2017)

38 Alimohammadisagvand et al. (2016)
39 Pallonetto et al. (2019)

Furthermore, the analysis elicits a trade-off between optimisation at a single
building and power grid level. It is a requirement for a smart grid DR algorithm
to ensure the optimisation of the resources at an isolated building level while
contributing to the power grid stability and reduction of the environmental impact
via two-way communication to aggregators or TSOs.

This double aim can be reached if the optimisation algorithm objective function
minimises both cost and consumption. As also demonstrated (Cole et al. 2014;
Hedegaard et al. 2017) (32T, 17T), in the case of merely cost minimisation, the energy
consumption and associated emissions can increase.

As illustrated in Figure 9, the majority of the optimisation algorithms which
were analysed have a single objective function that minimises costs. Nevertheless,
various studies used a double objective function (4U, 5U, 27B, 30T). In this category,
different techniques were utilised such as heuristics, analytical solutions and game
theory. Only the heuristic controller (30T) was able to reduce the consumption by
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9.2% and the costs by 14.4%, using a threshold limit to operate the controllable loads
under RTP prices.

Max. Welfare

Max. Welfare and Min. Consumption
Min. Consumption

Min. Cost

Min. Cost and Consumption

Min. Cost and Emissions

Min Cost

0 5 10 15 20

Number of research papers

Figure 8. Classification of the most common algorithm objective functions in the
literature. Source: Graphic by author, data from Pallonetto et al. (2020).

Two works (4U, 5U) used a cluster of residential buildings (10 and 60,
respectively) to assess the results of the algorithm. When tested on the test load
profiles, 5U showed a demand reduction of 13.5% and cost savings of 3.6%, while
4U used a randomly generated problem, and the approach cannot be compared with
equivalent works. The remaining two works (27B, 30T) utilised a model of a single
building to assess the benefits of the double objective function algorithm. Wang et al.
(2012) (27B) reached an overall cost savings of 9% and a load reduction of 6%.

Although these results were significant, the MPC approach outperformed
the others. Among the literature examined which aimed to minimise the cost of
the energy expenditure, the MPC systems (17T, 18T, 31T, 32T, 33T, 38U) reached
savings up to 28%. Above all, the papers analysed used a white box model such as
EnergyPlus. The literature includes both residential (17T, 18T, 31T, 32T, 38U) and
commercial buildings (33T). The predictive models used for the forecast were linear
models (38U), autoregressive statistical models (31T, 33T), reduced-order model (32T)
or grey-box model (17T) while other used machine learning algorithms (39U). It
should be also noted that none of the MPC systems used a white box as a predictive
model but as a testbed.
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In Knudsen and Petersen (2016) (38U), the authors developed an MPC with
two objective functions (emissions and electricity price). The MPC was a state-space
model which is similar to a reduced-order model (Dehkordi and Candanedo 2016).
Such an EMS reduced the carbon footprint by 5 to 10 per cent.

Moreover, as illustrated in Figure 10, of all the works analysed, the majority
of them was tested on a single residential building. However, none of the papers
mentioned any calibration of the building model despite, as illustrated in Figure 8,
the majority of the works used a BES model for testing.

Aggregated
Distribution level
Single residential

Market level

Single commercial

0 5 10 15
Number of papers

Figure 9. Classification of testing methodology in the literature. Source: Graphic
by author, data from Pallonetto et al. (2020).

Matlab or similar

IDAICE

EnergyPlus + BCVTB + Matlab
EnergyPlus

TRSNSYS + Matlab

0 5 10 15 20
Number of papers

Figure 10. Software platform utilised for control algorithm. Source: Graphic by
author, data from Pallonetto et al. (2020).
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Figure 11 shows that the RTP price was used in the majority of the assessments.
The RTP price is proportional to the market price but requires a fully automated EMS
and could incur in low acceptance among end-users. Moreover, using RTP price, the
assessment of control algorithms is more complex from considering the electricity
profile perspective.

Others
RTP
Day-ahead

TOU

0 5 10 15 20

Number of research papers

Figure 11. Most common electricity price schemes for algorithm testing. Source:
Graphic by author, data from Pallonetto et al. (2020).

6. A Path towards the Full Decarbonisation

In the past decade, the distinction between energy efficiency measures and
DR has become less stratified (Goldman et al. 2010). High penetration of variable
RES generation and storage has widened the use of DR beyond peak hours to be
applicable throughout the day (Calvillo et al. 2017; Jiang and Low 2011). From an
end-user perspective, energy efficiency measures have been enhanced by controlling
technologies in buildings (EDP Consortium 2016) that allow the exploitation of
thermal storage and local renewable energy system as dynamic controllable load.

The effectiveness of full decarbonisation of our building stock using advanced
energy management systems is dependable on energy efficiency regulations and
policies that generally target the national building stock from an isolated (or single)
building point of view. The building retrofit measures are designed to reduce energy
consumption by deploying energy-efficient and low-carbon building technologies as
illustrated by the IEA (2013) roadmap towards 2050. These methodologies do not take
into account that the building, as a responsive leaf element of a smart grid system,
could dynamically provide flexibility, both at distribution and transmission level,
exploiting thermal and electric storage as well as deferrable loads within end-user
thermal comfort constraints. Therefore, there is a need to deploy a more holistic
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approach to designing energy efficiency regulations that recognise the building as
a dynamic energy asset. The implications of evaluating deferrable loads, storage
and end-user comfort and constraints, can provide a comprehensive assessment of
the impact of these new technologies and the influence of human behaviour on the
energy profiles of residential buildings.

Additionally, the assessment of a DR resource must be calculated based on
the quantity of energy that could be altered compared to a baseline use. The
identification of a baseline and the quantification of the flexibility as a deviation from
a baseline consumption are still open challenges in the research community (Jazaeri
et al. 2016; Mathieu et al. 2011; Wijaya et al. 2014). The temporal quantification
of available DR resources is a critical research need to enable DR at a household
level (Gils 2014; Herter et al. 2007; Hurtado et al. 2017, McKenna and Keane
2016). The use of high-resolution simulation models defined as digital twins for
commercial and residential buildings, embedding occupancy, consumer behaviour
profiles and comfort constraints, is a new research frontier that could lead to a better
understanding of the benefit of DR measures and the impact of large scale trials on
the power system.

From an integration perspective, the implementation process of control
algorithms that ensure occupant thermal comfort while increasing the energy
flexibility of the system by providing DR capabilities is a critical research need
for the smart grid rollout (CER 2011; Farhangi 2010; Gottwalt et al. 2017; Nolan and
O’Malley 2015). Although in the research community, the design of new algorithms
for DR optimisation is a subject undergoing intense study, new machine learning
techniques and technology advancements need to be assessed as suitable for the
development of intelligent residential controllers.

The contribution of the built environment is paramount for the full
decarbonisation of our society. Five different perspectives have been the narrative
threads of this chapter:

* Energy perspective: the implications of evaluating retrofit measures,
load shifting, storage and end-user comfort and constraints provided a
comprehensive assessment of the impact of new technologies as well as the
influence of human behaviour on the energy profiles for buildings. The
methodology for an energy perspective assessment was further applied to
the evaluation of control algorithms for estimating the impact of EMS and RES
at a building level upon the energy consumption and profiles.

* End-user perspective: evaluating the research findings for the benefit of
end-users in terms of reduction of energy expenditure, adherence to thermal
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comfort constraints and accessibility to energy data is an essential instrument
for new technology adoption. The end-user perspective also concerns the
transferability of the technology benefit across all the building categories.

o Utility perspective: where the evaluation of the results of the research benefits
the utility in terms of reducing the system contingencies caused by the
penetration of RES via demand-side measures and improving the predictability
of building electricity demand is a fundamental criterion for the deployment
of these new technologies. The utility perspective concerns the reliability,
resilience and stability of the power grid with the objective of improving the
overall efficiency hence leading to a generation cost reduction.

* Integration perspective: where the interaction between buildings, electromobility
and their control system, the end-user, utilities and a bi-directional communication
infrastructure defined within the smart grid needs to be evaluated from the point
of view of the accessibility, interoperability, availability and controllability of
the assets. The integration side of the research also allows the convergence of
objectives for both the utility and the end-user.

¢ Environmental perspective: through an online data-driven assessment of the
carbon emissions associated with the electricity consumption of the building
at system and building level can increase awareness and drive the change.
The implications of the retrofit measures and the use of control algorithms on
the carbon footprint of the building are of interest to policy-makers and local
government authorities.

7. Conclusions

Besides demand-side management and the installation of advanced energy
management systems, several future lines of intervention are critical towards the
full decarbonisation of the built environment: monitoring equipment, IoT data
collection infrastructures, user engagement, distributed energy generation, storage
and energy efficiency management measures. Data gathering and sensors installation
can provide useful insights into the occupancy profile patterns of the building. They
could also help to locate areas where the temperature constraints need to be precisely
defined because of ongoing activities at low metabolic rates or areas where the
setpoints can be dynamic. Sensor installations and data collection can also support
a more accurate calibration of digital twins and therefore provide insight even on
fine-tuned energy efficiency measures such as detailed multi-zone air ventilation
rate and thermostatic set points. Occupants and buildings users are at the core of
the transition to a low carbon economy. They can be empowered as smart energy
users of the building. A smart energy user should not only consume energy but also
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be a conscious actor in energy savings, building energy policy and even in future
energy measures either as an individual or as part of an energy community. Smart
energy users are well aware of the consequences of their choices and way of life
for energy consumption and the environment. Smart energy users are also actors
in climate policy not only with their individual and collective decisions but also
by creating awareness among fellow users and organising community events and
movements to accelerate the transition to a post-carbon world. To facilitate user
empowerment, the energy manager could support the engagement with screens and
dynamic visualisation of the building energy consumption. Interactive screens with
carbon emissions, zone energy performances, temperature and weather indicators
can also facilitate gamification among users and promote a virtuous cycle where
individuals gain awareness and lead energy efficiency measures. Another line of
action is the installation of renewable energy generators and storage. Different
technologies such as photovoltaic, solar thermal systems, heat pumps or biomass
cogenerator (CHP) can represent viable solutions for further reducing the emissions
of buildings. A biomass cogenerator can provide both electricity and thermal energy,
making buildings a central element of a green circular ecosystem. Additionally, a
CHP can contribute to heating and cooling loads through a trigeneration system.
Other options to consider are power purchase agreements with wind and solar farms
or heat recovery systems from nearby processing plants. Electric and thermal storage
are the main enabler of all these technologies and can support the mass deployment of
advanced DR programs. It should also be noted that the electrification of the mobility
sector will allow a capillary diffusion of EVs. The latest charging technologies
for EV batteries support a bidirectional electricity transfer with the grid (V2G).
Therefore, EVs batteries can also provide distributed electricity storage to further
support the increased penetration of renewable energies in the power system if the
flexibility of these devices can be dynamically controlled and dispatched. Energy
efficiency and management are at the heart of the decarbonisation process. The
current work has highlighted several measures for reducing the energy consumption
of the building and the provision of energy system services. However, the suggested
line of actions can be further developed to depict a comprehensive roadmap for the
full decarbonisation of the built environment. For instance, multi-zone thermostatic
set points or zone air ventilation controllers can contribute to adapting the energy
demand to the current occupancy profile of the building. Areas of the building that
are not used or with a reduced occupancy profile can have a dynamic schedule.
Additionally, a digital twin can be used to further design an innovative insulation
layer with advanced materials such as phase change materials and similar. These
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lines of intervention coupled with advanced energy management systems and
demand-side measures will allow reaching the ambitious emission target for 2050
and beyond reducing the overall impact of climate changes.
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Part 3: Regional Transition







Social Innovation for Energy Transition:
Activation of Community Entrepreneurship
in Inner Areas of Southern Italy

Mariarosaria Lombardi, Maurizio Prosperi and Gerardo Fascia

1. Introduction

The current reliance on fossil fuels is unsustainable and harmful to the planet,
being the main cause of climate change. It is well known that the use of renewable
energy sources is one of the actions to pursue the energy transition towards
zero-carbon fuels, capable of reducing the emission of greenhouse gases (GHGs),
which are listed amongst the main causes of climate change.

In this context, inner areas, characterized by constant demographic decline and
population aging, could play an important role in adopting measures of mitigation
of and adaptation to climate change. Meanwhile, they could also benefit from
this opportunity, through which they could valorize important and unique cultural
assets and relevant environmental resources. The idea is to foster new forms of
community entrepreneurship, based on collective renewable energy actions involving
citizens in the energy system, as “renewable energy communities” or “citizen energy
communities” (EU 2018). This basically means adopting a social innovation approach,
capable of promoting a democracy process for ensuring environmental and economic
benefits to the whole community.

This is particularly true for inner areas of Southern Italy, which have experienced
widespread implementation of large-scale renewable energy plants without the
engagement of the local community in the planning processes. This has led to limited
acceptance of new investment projects in renewable energy by the citizens.

In light of these premises, the aim of this chapter is to propose an operational
approach for developing community entrepreneurship in inner areas, where the
financial resources obtained from the production, distribution and consumption of
green energy are locally reinvested to valorize the cultural and natural resources,
activating a comprehensive process of social and economic revitalization.
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2. Political Pathway for Energy Transition at International, European and Italian
Levels

Nowadays, access to energy represents one of the most central challenges and
opportunities the world has to tackle for ensuring employment, mitigation of climate
change and food production.

Thus, by the second half of this century, it is necessary to move towards a more
affordable and clean global energy system (i.e., from fossil-based to zero-carbon
systems) (SDG Tracker 2021). This implies the start of the energy transition process,
which requires public support through adequate policy frameworks and financial
instruments.

Hennicke et al. (2019) claimed that “the energy transition resembles an
inter-generational contract in which the current generation pre-finances a gradual
replacement of the entire fossil and nuclear energy system in the 21st century
with energy efficiency, energy saving and renewable energies, and organizes
the implementation processes in order to protect children, grandchildren, future
generations and developing countries and its people from the risks of a non-renewable
energy system” (ibid., p. 4). It is an enormous challenge, which requires the active
involvement and commitment of various levels of governance, from the supranational
ones (i.e., UN, EU) to the lower levels (i.e., national, regional and local), which have
to include all individuals and the territorial communities. Some important political
initiatives have been launched in this direction. Figure 1 shows the overall framework
linking the global, European and Italian levels.

The 2030 Agenda, developed by the United Nations (UN) in 2015, represents
a universal action plan. It defines 17 Sustainable Development Goals (SDGs) and
169 targets as strategies “to achieve a better and more sustainable future for all”
(UN—United Nations 2021).

Among them, SDG 7, Affordable and Clean Energy, emphasizes the importance
of changing the route of energy production and consumption for contrasting climate
change. Specifically, this implies the following: achievement of universal access to
modern energy; increase in the global percentage of renewable energy; doubling the
improvement in energy efficiency; promotion of access, technology and investments
in clean energy; and expanding and upgrading energy services for developing
countries. These are the five targets defined by the UN taking into account that 13%
of the global population does not have access to modern electricity, that 3 billion
people depend on wood, coal, charcoal or animal waste for cooking and heating and
that energy is the main factor responsible for climate change, accounting for around
60% of total GHG emissions (IEA et al. 2019).
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Figure 1. Main political initiatives for energy transition. Source: Graphic by authors,
2021.

In order to implement the UN 2030 Agenda, in 2019, the European Commission
(EC) issued a plan called the Green Deal, a new growth strategy with the overarching
aim of making Europe climate-neutral by 2050, through the deep decarbonization of
all sectors of the economy (EC 2019). The approach consists of nine core policies that
will bring tangible progress in the areas of the SDGs. Among them, “clean energy”
specifically aims at decarbonizing the EU’s energy system. Indeed, over 75% of the
EU’s GHG emissions come from the production and use of energy in the various
economic sectors.

To reach this goal, some priorities have been identified, such as the increase
in energy efficiency and use of renewable sources (RES). Regarding the latter, the
strategy stresses the necessity of the transition from today’s energy system to an
integrated one largely based on RES. As specified in the impact assessment for the
Climate Target Plan for a 55% GHG reduction, the 2030 share of renewables must
reach 38-40% (EC 2020), compared with the 1990 levels. The first strategy aims at
developing an integrated energy system based on multiple energy carriers, such as
electricity, heat, cold, gas, solid and liquid fuels, infrastructure and end use sectors,
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such as buildings, transport or industry (EC 2020). The second strategy aims at a
technology shift towards hydrogen, which refers to the production of hydrogen from
RES and a subsequent deployment at a large scale through large-scale plants, above
all large wind and solar plants (EC 2020).

Regarding the energy efficiency priority, particular attention is paid to buildings,
taking into account that about 75% of the building stock is not energy-efficient, yet
almost 85-95% of today’s buildings will still be in use in 2050. Additionally, buildings
are responsible for about 40% of the EU’s total energy consumption, and for 36% of
its GHG emissions from energy. Therefore, the renovation wave strategy has been
launched for doubling the annual energy renovation rates in the next ten years both
for public and private buildings (EC 2020).

Certainly, the implementation of the New Green Deal will be an important
incentive to revitalize the European economy that has ended up in a deep recession
following the pandemic crisis of COVID-19. This is why there is a profound link
between the Next Generation EU-NGEU (known as the European Recovery Plan
adopted in February 2021 following COVID-19) and the New Green Deal. In
fact, it represents a temporary financial mechanism, for the period 2021-2026, to
support reforms and investments promoted by member states, aimed at making
European countries more sustainable, resilient and prepared for the challenges and
opportunities of the ecological and digital transition (EU 2021). Indeed, among the
six main pillars of the NGEU, one is dedicated to the green transition. In this regard,
the president of the EC clarified that 37% of these funds will be allocated to green
policies (i.e., expenditure related to climate change) in compliance with the systemic
approach of the SDGs.

Specifically, the European Commission approved the Italian plan in June 2021
(Camera dei Deputati 2021). It identified six missions, among which the second one
is related to the Green Revolution and Ecological Transition, aimed at improving the
sustainability and resilience of the economic system, as well as ensuring a fair and
inclusive environmental transition. It represents 31% of the total budget of the plan.
This mission is structured in four components, in line with the European Green Deal,
where two out of four are dedicated to the energy transition: (i) energy transition
and sustainable mobility; and (ii) energy efficiency and building renovation.

Specifically, the first one is the component with the highest budget, equal
to EUR 23.7 billion (40% of the total), and covers five lines of action: increase
in the RES share in the system (biomethane, agrophotovoltaic, RES for energy
communities, innovative RES plants, etc.); strengthening and digitalization of network
infrastructure; promotion of the production, distribution and end uses of hydrogen;
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developing more sustainable local transport; and developing international leadership
at the industrial and research levels, as well as in the main transition supply chains.

Regarding the second component, with a budget of EUR 15.36 billion (29% of the
total), there are three lines of action: energy efficiency of public buildings (schools);
energy efficiency and seismicity of public and private residential constructions; and
district heating systems (Governo Italiano 2021).

This new framework may represent a unique opportunity for the inner areas,
as it may promote investments which are compatible with the potentials of rural
regions and that local communities may activate. For instance, the renovation of
public buildings or the realization of small-size energy systems may be the types
of initiatives which can be easily carried out by the local community, by using the
territorial resources and know-how and generating positive spillovers on the whole
economic system.

3. Characteristics and Strategies of Inner Areas

The rapid economic growth from an economy based on agriculture towards
the industrial sector, which occurred after World War 1II, has paved the way for a
progressive migration of people from rural to urban areas. This rapid transformation
has occurred due to better job opportunities, but also due to better opportunities to
improve the quality of life, which could be captured by young and (relatively) most
educated people.

This process occurred at different speeds across the EU territory and is still
ongoing in rural areas, especially in those regions which are more isolated from
urban areas and industrial settlements. In particular, local communities located in
inner and mountainous areas are still dramatically shrinking, and there seems to
be a lack of an effective strategy to contrast this phenomenon of depopulation and
desertification with specific intervention policies. These areas are characterized by
relevant distances from the main service centers (education, health and mobility).
Specifically, in Southern Italy, they cover about 70% of the territory, underlining the
importance to plan efficient policies and strategies.

The most important drivers of depopulation of rural areas have been widely
investigated in the past (Zelinsky 1971). Among them, it is worth mentioning the
transition from agricultural jobs (available in rural areas) to more appealing jobs of
secondary and tertiary sectors (available in urban areas), which are socially more
attractive, are well remunerated and offer some opportunities for career advancement.
In addition, another important issue is related to the higher attractiveness of urban
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areas, due to a higher availability of public goods and services (i.e., education,
transportation, access to information).

Despite the fact that the declining importance of rural areas with respect to
urban areas is a typical phenomenon commonly occurring in all countries, it is worth
noting that the complete abandonment of rural areas is not desirable, as it may cause
several problems for the whole society.

The recognition of several functions of rural areas dates back to the 1990s,
with the Buckwell report (Buckwell 1997), arguing the importance of a substantial
Common Agricultural Policy (CAP) reform aimed at rural development incentives
and environmental and cultural landscape payments. The basic principle was
that, beside agricultural goods, rural areas would also produce stable semi-natural
eco-system services, which are greatly valued by the public. This was the basic idea
of the European Model of Agriculture (Swinbank 1999).

After two decades of policy interventions, addressed at supporting rural
development with agricultural policies (i.e., CAP) and regional policies, there still
remains a gap between rural and urban areas, probably due to the failure of the
classic top-down approach, where developing projects do not require the active
involvement of local communities. The problem arises when exogenous models (e.g.,
the establishment of an industrial settlement) are introduced in a socio- economic
context which is not suitable for enhancing its correct and sustainable functioning
and, furthermore, for generating positive externalities and spillovers, with positive
rebound effects on the whole territorial system. The lack of active participation
of local communities has caused high costs for the whole society. In fact, the
territory will mainly provide the basic resources for the industrial operations (e.g.,
natural resources, labor), while the value added will be mainly transferred elsewhere
(Hubbard and Gorton 2011). The impact on the livelihood of the local economy will
be negligible, and there will be only limited chances for the emancipation of the rural
communities.

On the contrary, the novel approach adopted since the 1990s by the EU, by
means of the bottom-up approach, with the LEADER programs, has introduced
the concept that local communities are key players in maintaining a full connection
between needs, resources and economic and social activities and represent the “social
fabric” paving the way for long-term sustainable development (Shucksmith 2000).

In fact, the local community detains the property rights of local resources and
embeds tacit knowledge, that is, information, skills and abilities which are needed to
valorize low-value and highly heterogeneous local resources (e.g., different types
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of biomass), according to development projects, which will preserve the territorial
integrity.

Regarding the energy transition from fossil-based to zero-carbon systems, such as
hydropower, wind power, solar radiation, geothermal and biomass, the involvement
and active participation of the local community are crucial for several reasons.
First, local resources are available at a low cost (e.g., labor, land). Second, the
revenues generated with the new activities may activate the creation of new business
opportunities and generate a multiplier effect and the revitalization of the local
economy. Third, the extended redistributive effect of the project will facilitate the
social acceptance of innovative initiatives, especially in the case of renewable energy,
as rural communities do not urgently need the creation of additional sources of
energy, while fearing the possible negative impacts on the environment and public
health (Prosperi et al. 2019).

The well-known theoretical approach of total economic value is useful to grasp
the relevance of the active involvement of the local community in the energy transition
process, as it provides the basic understanding of different values which can be
attributed to an economic good. This approach, widely used for the identification
of different values of resources, goods and services (Adamowicz 1995; Perman et al.
2003), will help us to understand that the involvement of the local community may
extend the value of renewable energy from the direct use value (i.e., revenue collected
from the sale of energy) to many other categories of values. In short, the transition
towards renewable energy systems, occurring with the engagement of the local
community, will generate a multidimensional combination of impacts (Figure 2).

TOTAL ECONOMIC VALUE

Use Value Non-use Value
Existence Bequest
Value Value

Figure 2. Conceptualization of total economic value. Source: Graphic by authors,
2021.
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The total economic value of renewable energy can be conceived as the result of
two categories of values: the use value, which is directly related to the generation of
renewable energy, and the non-use value, which is more related to the wellbeing of
local citizens.

The direct use value is quite self-evident, as it refers to the value of sales for the
energy produced, to different types of consumers (i.e., households, public structures,
industrial plants, commercial resellers).

The indirect use value may refer to the “greening effect” consequent to the
reduction in carbon emissions and the impact that it may have on the reputation of
the local community. Despite the fact that the local community may have a weak
perception regarding to this type of value, it may be highly appreciated especially by
the urban society, which is more sensitive towards global environmental problems.

The option value may refer to the strengthening of social ties and relationships
(i.e., social capital), which provides the pre-condition for the development of further
initiatives. Regarding the second group of values, they arise from the shared social
dimensions (i.e., ethical and moral values) within the local community. The existence
value refers to the higher level of wellbeing, which may be reached by a community
when it proves it can undertake a global societal challenge (i.e., a rural community is
able to achieve targets of renewable energy production and GHG reduction). The
bequest value refers to the social preference towards innovative goods and services,
which will (possibly) be beneficial to the future generations.

4. Community Entrepreneurship: The Italian Experience between Expectations
and Disillusionment

The experience of community enterprise in Italy dates back to the 1960s, when
its development spontaneously started from some bottom-up movements. A relevant
example of an attempt to reinforce the local identity hindered by the massive
depopulation of rural areas is the case of the small hamlet of Monticchiello (province
of Siena, in Tuscany), where since 1967, theatrical performances have been held
during the summer time to represent the changes affecting the local community over
time (Andrews and Rosa 2005). The continuous confrontation among the community
members paved the way to cooperative actions for facing common problems and
new challenges.

Community enterprises have been developed in marginalized communities,
characterized by large distances from lively urban settlements and profitable markets,
and deprived of public services and infrastructure. The typical trends affecting these
communities are aging, depopulation, economic stagnation, job insecurity, low income
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levels, incapacity to valorize available resources, deterioration of infrastructure and
ecosystems and degradation and loss of natural resources caused by abandonment
(e.g., farmland, forests, water streams and reservoirs). In addition, the investment
of big energy companies has worsened the situation by causing serious impacts on
the landscape and loss of farmland due to the installation of large-scale wind and
photovoltaic plants.

Commonly, these problems are typical of inner rural and mountainous areas,
but they also occur in some urban areas and suburbs in less developed regions, such
as the case of Southern Italy (Confcooperative—Confederazione Cooperative Italiane
2018a).

In these situations, the key driver triggering the emergence of a community
initiative is represented by the marginality and the vulnerability of the territory.
Another relevant driver is represented by the existence of a system of mutual
relationships among individuals, organizations, the environment and cultural ties
within the same territory. Consequently, the so-called “virtual communities” are not
taken into account, as they refer to occasional and weak relationships established
within the context of the global community, as in the case of experiences referring
to a shared and collaborative economy (MISE e Invitalia—Ministero dello Sviluppo
Economico e Invitalia 2016). According to Mori (2015), the link with a specific territory
is the basic requirement characterizing community initiatives.

Another requisite of community enterprise generation relies on the unmet needs,
difficulties or problems faced by the local community, which may arise from the
changes occurring over time. For instance, in recent decades, in order to pursue the
enhancement of the efficiency of national public expenditure, several public services
have been deactivated in rural areas and relocated in urban areas. Similarly, the
depopulation of rural areas caused the closure of small and traditional firms and
shops, with unavoidable consequences on the availability of job opportunities for
local people, or, in some cases, the loss of symbolic social aggregation places
(e.g., the closure of the last bakery shop or the largest manufacturing plant)
(Confcooperative—Confederazione Cooperative Italiane 2018). Certainly, along
with the closure of economic activities, the disappearance of other social institutions
(e.g., civic association, political groups, sport clubs, parish) which play an important
role for the aggregation of individuals and families may also occur.

The reaction against these difficulties requires the identification of strategies
based on the valorization of idle local resources (material and immaterial common
goods), that is, resources that are not used for any purpose, or resources that are
inefficiently and unprofitably used. Furthermore, a system of strategic partnerships
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and social networks within the local community, and also with external agents,
is the basic premise to activate an innovation process. A spontaneous process of
revitalization of the local community cannot be expected, but, on the contrary, a
promoting group of actors (i.e., a clique) may actively and deliberately pursue a
transformation path, leading to the engagement of the community members in the
definition of the vision and the mission of the community enterprise. The role of
local public institutions is highly relevant, as they may endorse the initiative and they
may also provide some asset to favor the establishment of the enterprise. In addition,
local institutions may activate some public tendering regarding the provision of
essential services, which will contribute to the business consolidation of the enterprise
(Confcooperative—Confederazione Cooperative Italiane 2018).

The most relevant type of community enterprise diffused in Italy is the
“cooperative of the community”, whose diffusion has been moderately increased
since the beginning of the 2000s. In fact, several Italian regional governments have
enacted some specific regulations in order to promote its diffusion and strengthening.
For instance, the Apulia region was among the first Italian regions enacting a
specific regulation in this matter in (Bollettino Ufficiale della Regione Puglia n. 66
del 26/05/2014). However, at present, a national legislation is still missing, and,
consequently, it is difficult to adequately monitor the diffusion process.

The cooperative of community seems a promising approach to address the
development of marginal areas (Mastronardi et al. 2020). In fact, it can be conceived
as a bottom-up initiative through which it is possible to boost social innovation, with
the main purpose of satisfying local unmet needs, and to overcome the limitation
of public interventions. In fact, the current public policy seems to be ineffective in
addressing the problems of less favored areas. Similarly, it cannot be expected that
the private sector, while pursuing market competitiveness and the maximization of
profits, may always perform better than the public sector.

It appears that the expectations towards the cooperative of community are
excessively optimistic. At present, there are still too limited successful cases
confirming the adequacy of the model to face the development problems of regions
lagging behind. Furthermore, there is still a literature gap regarding the lessons to
be learned, in terms of possible solutions applied in different contexts (Bodini et al.
2016). In this regard, the adoption of evaluation tools would be desirable in order
to perform economic assessment and social accountability of different initiatives,
similar to what is occurring in the non-profit sector (i.e., the third sector) (Ministero
del Lavoro e delle Politiche Sociali 2019). The evaluation exercises would be useful
to verify the effects of the cooperation in the local context in which they operate.
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The main features of the cooperative of community, which are included in the
current legislation, are the following:

e Itis an enterprise able to use idle and common resources, and to offer a steady
and continuous provision of goods and services mainly to the local community;

e  The membership is open, according to inclusive and democratic criteria;

e The cooperative is well rooted in the community, as its objective is the
amelioration of the quality of life of the local community, conceived as the
social group of the residents of a certain territory and people sharing values,
culture and identity enshrined within a place, monuments, interests, resources
and projects;

e  The cooperative must guarantee that the provision of goods and services is
accessible by the whole community (Bodini et al. 2016).

Despite the great expectations for the cooperative of the community, the Italian
experience has not always been positive. The most frequent causes of failure are
related to the incapacity of the management group in identifying an adequate business
model through which to pursue the financial sustainability of the company, in order
to guarantee the provision of goods and services to the local community. In fact,
in several cases, the revenue of the cooperative mostly relies on public subsidies
and contracts for public procurements, which are uncertain and discontinuous,
as they derive from the political process. In addition, when the cooperative is too
concentrated on public support, it lacks the capacity to adapt to the market conditions,
and the emergence of economic inefficiencies. In other words, the cooperative, instead
of acting as a firm, will gradually become similar to a public institution. Therefore,
successful cases demonstrate that cooperatives have pursued financial sustainability
through business diversification, including the market opportunities existing outside
the local community (i.e., provision of goods and services to customers not belonging
to the community) (MISE e Invitalia—Ministero dello Sviluppo Economico e Invitalia
2016).

Another strategy relies on the consolidation of a core business capable of
ensuring a constant revenue stream through which to finance the general economic
activity of the cooperative and provide either the ability to establish some investments
(i.e., training of personnel, elaboration of new projects) or offset the temporal lag
existing between the cost anticipation and the collection of payments (i.e., cash flow
stabilization). For instance, almost all Italian cooperatives of community are involved
in rural tourism activities, which are highly seasonal, or the organization of cultural
activities and services, which are precarious and unprofitable but are still highly
beneficial for the local community, in order to reinforce the cohesion among the
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population, and to create the conditions for the economic development of the territory.
This is the reason why Italian cooperative communities rarely report successful
stories. However, there are some instances of successful stories such as the case of
the cooperative of Melpignano (in the Apulia region), which has been considered a
best practice. In fact, it has been focused on the core business of energy production
from renewable sources and represents an exemplary case for sustainability and
profitability.

In this context, the energy transition towards renewable energy represents a very
important opportunity which could be captured by rural communities, as they may
be able to use local resources (e.g., agricultural and forest biomass, solar energy) with
relatively small investments, but facing a constant and reliable demand, capable of
generating a considerable amount of revenue flow. In this way, the energy transition
will boost community entrepreneurship, will generate a positive impact on the local
economy and will (indirectly) support the social wellbeing of the community.

A Cooperative of Community for Energy Transition: Bovino Municipality Case Study

The orientation of global policy makers to favor and support, through specific
strategies, the energy transition towards more sustainable and accessible production
systems may represent an important development opportunity for the communities
of the inner areas of Southern Italy. Very soon, they will have to choose either
to be protagonists of these changes, exploiting the opportunities offered by this
paradigm shift in the energy sector, or to continue in passively suffering the effects.
In the past, the populations of these territories have, indeed, been subjected to the
consequences of energy policies at the national level without being able to participate
in the decision-making processes which have defined and implemented these policies.
Consequently, the realization of renewable energy plants (both photovoltaic and
wind) by large industrial companies, as well as modifying the landscape aspect and
compromising the naturalistic profile of these territories, was experienced by local
populations as an exploitation of resources. Actually, the resulting benefits belonged
to few people, and there was not an adequate refreshment system for mitigating the
suffering. Thus, there was a rising natural distrust of local communities towards
any attempt to address the energy issue, also in terms of local development. This is
reminiscent of the importance of the local communities” social acceptance. This is a
relevant determinant of the development of renewable energy systems because its
absence can cause delays or even the abandonment of innovative projects. In other
words, community engagement and the democracy of the energy policy processes at
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the local level have to be favored above all in this transition phase, learning by past
mistakes (Prosperi et al. 2019).

In this section, the authors describe the experience of the Generative
Communities project, funded by the local government of the Apulia region, in
Southern Italy, under the public call Cooperative of Community 2018. This call aimed
at supporting the establishment of new community-type entrepreneurial realities. The
initiative, promoted by the CRESCO training department of Confcooperative Foggia®,
in partnership with the municipality of Bovino and two local non-profit organizations,
concerned the creation of a participatory path in favor of the population of a small
inner area community (Bovino) to achieve the basic requirements needed for the
establishment of a local “cooperative of community” that would be, at the same time,
an energy community for self-production and local distribution of renewable energy
(see the EU Directive 2018/2001).

Bovino is a mountain municipality in the province of Foggia (Apulia region) with
a population of 3256 inhabitants, included in the inner areas of the “Monti Dauni”.
Indeed, it is located 37 km northwest of the provincial capital Foggia (Figure 3).

Similar to most municipalities located in mountainous areas, Bovino has shown
a constant decline in the number of residents in the last twenty years, overall equaling
20% (Istat 2020). Its main economic sectors are agriculture and services (commercial
activities and professional firms) (IPRES 2016). All these factors denote the existence
of territorial problems related to the marginalization of the area from the main lines
of development with consequent phenomena of de-anthropization, economic decline
and strong social hardship, as reported in Figure 4.

In this context, the model proposed by the authors, as reported in the
Generative Communities project, aims at contributing to the improvement in the local
socio-economic situation by reactivating the “local” economy, essentially leveraging
latent territorial capital and the offer of some services to the resident population. The
main development assets are based on the energy sector and cultural heritage.

The value proposition is to transform the endurance of the local community,
meant as a passive adaptation to conditioning coming from outside the reference
community context (selective market outcomes, consequences of administrative
reorganization, etc.), into resilience, that is, a proactive attitude of catching
opportunities, essentially by leveraging the territorial capital. The main impact,

1 Representative body of cooperatives in the province of Foggia.
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expected at the local level, is mainly concerned with the empowerment and capacity
building of the local community and the organizations involved.
The participatory approach consisted of the following steps:

a. Public forum, open to the whole community, to favor the engagement of
citizens;
b.  Focus groups with representatives of different stakeholders, to focus on the

main strategic orientation of the cooperative of community;

c. Expert committee, in order to analyze and perform a screening of proposals
emerging from the focus groups, by considering the capacity and the resource
endowment (project tailoring).

Province of Foggia

Figure 3. Location of the municipality of Bovino. Source: Graphic by authors, 2021.
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CONTINOUS REDUCTION
OF RESIDENTS’ WELL-
BEING

WORSENING OF THE
LOCAL SOCIO-ECONOMIC
SITUATION

Decreasein job and
Costant depopulation entrepreneurial
opportunities

Low attractiveness
of territory

Figure 4. Typical issues of a rural marginalized area such as Bovino. Source:
Graphic by authors, 2021.

The technical committee examined and selected the proposals coming from the
participatory process for formulating some valid operational areas, which, coherently
with the identified strategies, were suitable for the local context. This last phase
represents the novelty of this process.

The project, which started in September 2019, has been structured in six phases,
as reported in Table 1.

It is worth noting that the feasibility study, based on the energy balance, is
a very important document for the whole sustainability of the cooperative. The
drafting of the feasibility plan, relating to the investment in the energy sector, has
been completed thanks to the information provided by the energy balance of the
municipality and the suggestions derived from the thematic round tables.

From the experience acquired from this case study, it is possible to underline
how this specific participatory approach has changed the general attitude of the
community.

During the focus groups, some interesting results emerged from the participants’
dialogues (30 informed individuals). In general, they expressed a strong distrust
towards renewable energy plants managed by multinational companies. The
main reason for this mistrust and opposition is due to the imbalance between
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the exploitation of local resources (mainly the landscape and farmland) and the

economic compensation granted to the communities.

Table 1. Synthesis of the activities undertaken during the project.

Phase Technique People Involved
Forum, focus groups, 50 people attending the
- . . . forum; 30 people
Participatory design technical committee (7 L
participating in focus
experts)
groups
Identification of a Self-selection .spontaneouslly
romoting erou occurred during the public 15 people
p & sroup events
Evaluation of competences,
Balance of competences of skills and experiences, 15 people
the cooperative founders operated by the expert peop
committee (2 members)
. Lectures and study trip to
Training course other rural areas (100 hours) 13 people
Feasibility study based on Study performed by the )
the energy balance expert committee (4 experts)
Dissemination of results Open conference 50 people

Source: Table by authors, 2021.

On the contrary, at the end of the Generative Communities project, there was
a radical change in attitude. In fact, during the final conference (through the open
debate with 50 participants), it emerged that the acceptability of the renewable energy
plants would significantly increase if there were more economic benefits for the
community or if they are involved in the plants” management.

This change may be explained as follows: the ways in which citizens are
effectively involved in the planning process; transparency and circulation of
information; the development of the empowerment of organizations and individuals.
In fact, with reference to the last aspect, the initiative has contributed to increasing
the ability to influence and activate change through a process of participation,
empowerment and awareness. Furthermore, it has facilitated a process of capacity
building, that is, the construction of individual and collective skills, as well as
the strengthening of the social cohesion of the community, which is also an
intergenerational key.
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Consequently, the proposed and implemented methodology can represent
a useful tool to facilitate the energy transition in inner areas in terms of local
development, overcoming the distrust of local communities, which, in this context,
can assume the role of the driver of innovation and change.

5. Concluding Remarks

The energy transition is a technological change based on the shift from fossil to
renewable sources, which may represent a unique opportunity for the development
of marginalized rural areas and may generate multiple benefits for local communities.
In fact, rural areas are endowed with abundant idle resources that are suitable for
generating renewable energy, such as residual biomass from agriculture, agro-industry
and forestry, and locations for the siting of geothermal, wind and solar energy plants.
The operations needed for energy conversion may revitalize the local economy, by
creating new job opportunities and by generating new sources of income.

The energy transition may be pursued according to two different approaches,
that is, the typical top-down approach, where the investments are exogenous and the
local community is marginally involved in the decision making, and the bottom-up
approach, where the local community is engaged during all stages of the project
development.

In this chapter, several arguments supporting the advantages arising from
pursuing the bottom-up approach and, in particular, the formation of community
enterprises were presented. First, the engagement of the local community may ease
the social acceptance of new investments, leading to a reduction in transaction costs
arising from opportunistic behavior, asymmetric information and idiosyncrasy. In
fact, the local community, having a better understanding and knowledge of the local
resources and having skills, know-how and capabilities to use them in more efficient
and effective ways, may find low-cost and sustainable solutions. Second, the members
of the local community may become, through community entrepreneurship, active
actors of the energy generation, distribution and consumption processes, enabling
them to revitalize their local economy and be able to consolidate a core business
capable of ensuring a constant revenue stream, through which they can finance some
precarious and seasonal activities and services which, though financially unprofitable,
may be highly beneficial for the local community, in order to reinforce the cohesion
among the population, and to create the conditions for the economic development of
the territory.

The lesson learned from the study case of the municipality of Bovino is that
the engagement of the local community in the energy transition process is not
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spontaneous, and that many efforts are needed in order to activate the public debate
and to let citizens find their own solutions. Unfortunately, in the context of escalating
social, environmental and economic challenges, business as usual, based on the
top-down approach, and the introduction of exogenous industrial and business
models are not suitable for pursuing a viable long-term development strategy. In
addition, after several programming cycles occurred in the past, there is a risk of
disillusionment and “community burn-out”, leading to a diffused and generalized
social opposition towards new development projects, which are worsening the
already poor conditions of inner areas.
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Finnish Forest Industry and Its Role in
Mitigating Global Environmental Changes

Ekaterina Sermyagina, Satu Lipidinen and Katja Kuparinen

1. Introduction

Climate change is currently one of the greatest global threats. Mitigating global
warming requires a significant reduction in greenhouse gas (GHG) emissions either
by reducing emission sources or enhancing the sinks to remove these gases from
the atmosphere. To succeed, long-term structural changes are needed for different
sectors, thus creating more balanced and sustainable patterns of energy supply and
demand. The forest industry is an energy-intensive sector that emits approximately
2% of industrial fossil carbon dioxide emissions worldwide. Considering the high
share of biofuels already used within this sector, the forest industry may shortly
become a significant user of bio-based carbon capture technologies. The possibility
to implement these technologies can transform pulp and paper mills into negative
CO; emitters. Moreover, the forest industry can also contribute to GHG emission
mitigation outside the mill gates by producing biomass-derived heat, electricity and
liquid biofuels, and by providing wood-based products, such as packaging materials,
textiles and chemicals, which will substitute the fossil-based alternatives.

The global forest industry has managed to decrease its dependence on fossil
fuels as a result of energy efficiency improvement, fuel switching and structural
changes, and thus its fossil CO, emissions have decreased substantially in the 21st
century (International Energy Agency 2020). However, the paper demand is expected
to increase from the current 400 Mt/a to 750-900 Mt/a by 2050, and thus there is
a huge need to develop towards more sustainable operation in order to avoid an
increase in CO, emissions. Therefore, more understanding of the possibilities of the
forest sector is essentially required. In Europe, the forest sector has ambitious targets
to contribute to the mitigation of GHG emissions (CEPI 2011). The sector aims to
emission reduction from the 1990 level of 60 MtCO,/a to 12 MtCO, /a in 2050 with
an increasingly significant role of generated wood-based materials in substitution
of fossil materials in different applications. This book chapter considers the forest
industry’s possibilities to contribute to the mitigation of environmental change using
Finland as a target country. The Finnish Forest Industries have recently presented
a roadmap towards low-carbon operation (Finnish Forest Industries 2020a). The
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roadmap takes into account CO, reduction from increased annual forest growth,
increased production of bio-based materials and reduction in fossil fuel use in
industrial processes, transportation and off-site production of energy. However, there
is a lack of academic studies that discuss extensively the CO, mitigation possibilities
of the forest sector.

Finland is an important producer of pulp, paper, and sawn wood. Besides these
traditional goods, Finnish mills are generating a range of innovative wood-based
products that will be discussed in this study. Even though the Finnish forest industry
is an important energy producer on a national level, it has currently only 13% of fossil
fuels in its fuel mix, and therefore fossil CO, emissions are already relatively low.
The previous reports, however, claim that the Finnish forest industry can become
fossil-free by 2035. Finland’s government confirmed the National Energy and Climate
Strategy for 2030, which should help to achieve a long-term goal of a carbon-free
society and keep the stable course for reach 80—95% reduction in GHG emissions
from the level of 1990 by 2050 (Ministry of Employment and the Economy 2014).
Finland is among the world leaders in the utilization of renewable energy sources,
especially bioenergy. The substantial forest resources, developed forest industry
and the well-established forest infrastructure mean that wood-based bioenergy has
a significant place within the renewable energy sector in Finland. According to
Statistics Finland (2020a), the total consumption of energy in Finland amounted to
1362 petajoules (PJ) in 2019 with 38% covered by renewables. Figure 1 provides a
historical trend on the total energy consumption from 1970 to 2019 (ibid.). The shift
from fossil fuels towards renewable alternatives continues in different spheres, with
a significantly increasing increased share of the latter ones in total consumption from
the 2010s.

The energy-transition tendencies and general development in the Finnish pulp
and paper sector have been analysed in a few recent papers. The efficiency of the
Finnish pulp and paper industry has been evaluated and compared to the EU average
level (Koreneff et al. 2019). The results of this study showed that while the production
efficiency is on a high level, the dominancy of kraft pulp production leads to the
notably higher energy intensity of the production process. Lipidinen et al. (2022)
have evaluated the main steps towards decarbonization in Finnish and Swedish
pulp and paper industries, highlighting the essential steps performed there to reduce
fossil CO, emissions and at the same time maintain competitiveness on a high level.
While previous works limited their scope to the pulp and paper sector, the current
study aims to help in better understanding of the general picture and provides the
most updated knowledge on the situation with forest industry in Finland: structure,
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characteristics, fuel consumption and GHG emissions. In addition, we identify
important research directions to facilitate the transition towards a sustainable future.
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Figure 1. Total energy consumption in 1970-2019 in Finland. Source: Graphic by
authors based on data from Statistics Finland (2020a).

2. Methods
2.1. Data Gathering

Data were gathered from several sources to evaluate both the current state
and the development of the Finnish forest sector. The main sources for energy
consumption, production and emissions were Finnish Forest Industries and Statistics
Finland databases (Finnish Forest Industries 2020b; Statistics Finland 2020c). During
the study, a large number of previous studies were reviewed and the Finnish forest
sector’s possibilities to participate in mitigation of climate change were evaluated.
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Moreover, the emerging forest industry projects, such as the production of new
bioproducts in Finland, have been identified and introduced.

2.2. Energy Efficiency Index Method

Energy efficiency development in the Finnish forest industry was studied using
the energy efficiency index method. The method was applied in the previous
study for assessing energy efficiency development in the pulp and paper industry
(Lipidinen et al. 2022). The present work follows the same method and uses the same
reference-specific energy consumption values.

3. Finnish Forest Industry

The forest industry is a globally important industrial sector. Several wood-based
products, such as paper, paperboard and sawn wood participate in people’s everyday
life. The forest industry can be divided into the chemical forest industry that produces
mainly pulp and paper, and the mechanical one that focuses on producing sawn
wood and wood-based panels. The global forest industry produced 188 Mt of wood
pulp, 409 Mt of paper, 493 Mm? of sawn wood and 408 Mm? of wood-based panels
in 2018 (Food and Agriculture Organization of the United Nations 2019).

In 2019, Finland produced 30%, 11% and 7% of European pulp, paper and board,
and sawn wood, respectively (CEPI 2019; Food and Agriculture Organization of the
United Nations 2019). 73% of produced pulp was kraft (sulphate) pulp. The rest
consists of mechanical, chemi-mechanical, and semi-chemical pulp. Within paper
production, the major shares had printing and writing papers (47%), and packaging
materials (45%). A minor amount of newsprint and hygiene papers were produced.
The Finnish forest industry has been recently going through a structural change
(Kdhkonen et al. 2019). The development of information technology has led to a
decrease in the consumption of printing and writing papers (Johnston 2016), whereas
the demand for packaging materials has increased globally (Hetemaéki et al. 2013).
The changes in the production volumes between 1990 and 2019 are presented in
Table 1. Production of newsprint, printing and writing papers has declined and
several mills have been closed, while substantial growth in volumes of chemical
pulp, packaging materials and sawn wood has taken place. The role of new products,
such as chemicals, biofuels, and energy, is increasing, and forest industry companies
are looking for new product opportunities, which will be discussed later.
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Table 1. Production volumes in the Finnish forest industry.

Grade 1990 2019 Change
Domestic wood usage [Mm?] 44 61 +38%
Imported wood usage [Mm?] 6 10 +66%
Chemical pulp [Mt] 5.16 8.72 +69%
Mechanical pulp [Mt] 3.73 3.28 —12%
Newsprint [Mt] 1.43 0.27 —81%
Printing and writing paper [Mt] 4.68 4.60 —2%
Packaging materials [Mt] 2.32 4.44 +91%
Household and sanitary papers [Mt] 0.16 0.20 +22%
Other paper and paperboard [Mt] 0.37 0.20 —46%
Sawn wood [Mm?] 7.50 11.39 +52%
Wood-based panels [Mm?] 1.34 1.29 —4%

Source: Data from Food and Agriculture Organization of the United Nations (2020) and
Nature Resource Institute (LUKE) (2020).

The forest industry, especially the pulp and paper industry (PPI), is an
energy-intensive sector. The PPI is the fourth largest industrial energy user and
globally it consumed 7 EJ of energy in 2018 (International Energy Agency 2018). The
share of biofuels was 48%, which is 18% higher than at the beginning of the 2000s.
Energy demand per ton of produced paper has decreased substantially, and fuel
switching together with increased efficiency has led to lower fossil CO, intensity. In
Finland, the manufacturing of forest industry products is by far the largest industrial
energy consumer, which accounts for more than half of total industrial energy use:
316.8 PJ in 2019 (Statistics Finland 2020b). The forest industry is also a significant
energy producer: it can cover a major share of its heat demand and about half of
its electricity demand. This highlights the importance of efficiency improvement
and cost-efficient reduction in GHG emissions along with the promotion of clean
and sustainable technologies for this energy-intensive sector. The characteristics of
energy use and emissions in the Finnish forest industry are presented in Table 2.
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Table 2. Energy and emissions in the Finnish forest industry in 2019.

Energy and Emissions Finnish Forest Industry Share in Total Domestic

Values

Electricity consumption 19.3 TWh/a 22.4%
Electricity production 10.1 TWh/a ! 15.3%
Energy consumption 316.8 P]/a 23.3%

Dominant energy sources Biomass 87%, NG 5% 2 -

Fossil CO, emissions 2.7 Mt/a? 5.1%
NOy 17.5kt/a 10.9%

S 1.7 kt/a 10.9%

12016 electricity production used due to lack of data. 2 Include only on-site fuel use. NG =
natural gas. Source: Data from Finnish Forest Industries (2020b) and Statistics Finland (2020c).

4. Climate Change Mitigation Opportunities in the Forest Industry

Climate change mitigation requires both reducing GHG emissions and
enhancing carbon sinks. There is no single solution to solve the problem of climate
change, but a wide range of solutions is needed, some of which are more mature
than others. The forest industry has a significant role in promoting these in Finland.
Sustainable forest management enables not only the efficient utilization of forest
resources but also their increase thus enhancing the role of forests as carbon sinks.
Many changes and challenges have already transformed the forest industry in
Finland in recent years and there should be more developments to come to adapt
to the rapidly changing global situation. Modern pulp mills are expanding the
traditional concept of pulp mills by introducing the combination of multifunctional
biorefineries and energy plants that utilize wood resources to produce not only pulp
but also energy as well as new high-value products from side-streams and residues.

Previous studies have estimated the contribution of the forest sector to
mitigation of climate change by direct or indirect CO, emission reduction (e.g.,
Finnish and Swedish roadmaps). Based on the results from the previous studies, the
main possibilities for the forest industry are addressed in the present work:

Direct CO, emissions reduction;
Green energy production
Bio-based materials.

The present study does not consider forest management but assumes that wood
used by the forest industry is sustainably harvested.
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4.1. CO, Emissions and the Reduction Possibilities

The Finnish forest industry emitted 2.7 Mt of fossil and about 22 Mt of biogenic
COy in 2019 (Finnish Forest Industries 2020b). The mechanical forest industry is a
minor energy user and CO, emitter in comparison to the chemical forest industry. A
large part of CO; produced in a pulp and paper mill comes from biomass combustion
and can be considered carbon-neutral when the wood is from a sustainable origin.
The fossil CO, emissions from the PPI are energy-related, which makes their
reduction easier compared with for example the cement industry, since it does not
require direct process modifications. The lime kilns also produce process-related CO,
emissions, but they are largely biogenic. The fossil CO, emissions have decreased
by 44% over the last 20 years (1999-2019) (Figure 2). Emissions per ton of product
decreased by 37% from 194 to 122 kgcoy/ton. The industrial strike in 2005 and
the economic crisis around 2009 decreased absolute emissions strongly due to a
significant drop in production volume. During those crises, emissions per ton of
product did not change significantly. The reforms in energy taxation around 2003 and
2011 have most probably contributed to the drops in emissions. The European Union
(EU) introduced Emission Trading System (ETS) in 2005. It may have affected the
fossil CO, emissions, but it has been argued that ETS has had only a limited effect on
the PPI due to excess emission allowances (Gulbrandsen and Stenqvist 2013). After a
period of steady emission levels between 2012 and 2016, the emissions have been
declining again. The emissions are expected to continue to decline in the future as the
Finnish forest industry is aiming towards net-zero emissions. A recently published
report argues that nearly zero emissions can be achieved in 2035 (Poyry 2020).

The primary means to reduce CO, emissions of the PPI are switching to
low-carbon fuels, electrification, and energy efficiency improvement. Carbon capture
and storage (CCS) technologies that initially had been aimed mainly at the power
sector, have significant potential in the PPI. In Finland, the role of the forest industry
in mitigating environmental change and meeting the national carbon neutrality target
by 2035 is not limited to emissions reduction in the mills (Lipidinen and Vakkilainen
2021). The PPI supplies green electricity to the grid and produces other renewable
energy carriers. Moreover, it has been evaluated that products of the Finnish forest
industry can annually mitigate 16.6 Mt of CO, emissions (Finnish Forest Industries
2020b). However, forests are a significant carbon sink, and therefore they must be
managed sustainably to achieve emission reductions.
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Figure 2. Trends in fossil CO, emissions in the Finnish pulp and paper industry.
Source: Graphic by authors based on data from Finnish Forest Industries (2020b).

4.1.1. Fuel Switching

The largest part of fossil-based CO, emission savings is expected to come
from replacing the current use of fossil fuels with renewables (Moya and Pavel
2018; Metsateollisuus ry 2020). The forest industry typically meets a large share
of its energy demand by its own production. A modern stand-alone pulp mill can
even surpass its heat and electricity demand by combusting wood residues (IRENA
et al. 2018). Black liquor, a side-stream from kraft pulping, is the most important
biofuel in the PPI. Mills combust it in the recovery boilers, and many mills have an
additional power boiler for combusting wood residues. The boilers supply steam
for the processes and for turbines to generate electricity. In the modern stand-alone
pulp mills, fossil fuel consumption can be limited to start-ups, shutdowns, and other
exceptional situations, but many mills still combust fossil fuels in the lime kilns,
mainly natural gas or oil (Kuparinen et al. 2019). Stand-alone paper mills and some
integrated pulp and paper mills cannot meet their energy demand by combusting
their own residues. These mills either combust fossil fuels or purchase energy. Many
kraft pulp mills produce an excess of electricity that is typically sold but can be
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also used for hydrogen or e-fuels generation. However, the role of electrification is
estimated to be minor in the emission reduction within the Finnish forest industry,
mainly it is expected to substitute for natural gas use.

Biomass has been an important fuel in the Finnish forest industry for a long
time, but the fuel mix includes also natural gas, oil, coal, and peat (Figure 3). In
1990, the share of biofuels was 64%, natural gas covered 15%, and oil, coal, and peat
stand for approximately 7% each. In 2019, the share of biofuels had increased to
87%, and the shares of natural gas, peat, oil, and coal were decreased to 6%, 3%,
2% and 1%, respectively. Peat is a specific fuel in Finland that is typically co-fired
with biomass in power boilers. The recent political decisions in Finland promote
the replacement of coal and peat by biomass. Increased volumes of chemical pulp
have increased the use of biofuels, but many mills have also actively looked for
solutions to decrease the use of fossil fuels. Currently, biomass has been seen as the
most potential alternative for fossil fuels in the Finnish forest industry, and other
renewables have not played a large role. The possibility to use wind power for
covering paper mills’ energy demand has been recently realized with a long-term
Wind Power Purchase agreement of Finnish company UPM with German wind park
development company (wpd) (UPM Communication Papers 2020). This agreement
will enable the decrease in CO, emissions by 200,000 tonnes annually starting from
2022 and help to achieve the company’s ambitious 65% CO, emission reduction
target by 2030. In addition, UPM is utilizing hydropower sources and upgrading the
performance of the existing hydropower plants (UPM Energy 2021).

The lime kilns are the primary fossil fuel users in chemical pulp production.
CO, is produced from both the combustion and the actual lime regeneration reaction
during the calcining process. The CO, from the reaction originates mainly from wood
and is thus biogenic. The lime kiln process requires stable combustion conditions
and easily controllable hot-end temperature. Consequently, fuel characteristics and
quality should be consistent (Isaksson 2007). In addition to fossil fuels, alternative
fuels such as methanol, tall oil, strong odorous gases, tall oil pitch, hydrogen, and
turpentine are often co-fired in the lime kilns. Technically, it is also possible to utilize
existing side-streams to substitute for fossil fuels there (Kuparinen and Vakkilainen
2017). However, biomass fuels typically have lower adiabatic flame temperature and
lower energy content than fossil oil or natural gas. Therefore, higher firing rates are
required to maintain the kiln capacity in the case of biomass supply. Another problem
is that the impurities that originated from the solid biomass tend to accumulate in
such a closed cycle process. These non-process elements can cause, e.g., corrosion and
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ring formation in the kiln and decrease the lime quality. The use of alternative fuels
can thus lead to increased use of make-up lime and should be evaluated thoughtfully.
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Figure 3. Development of fuels use in the Finnish forest industry. Source: Graphic
by authors based on data from Finnish Forest Industries (2020b).

4.1.2. Energy Efficiency Improvement

Improvement of energy efficiency has played a notable role in the reduction
in CO; emissions so far (European Commission 2018). Efficient reduction in heat
losses, recovery of process heat and process optimization offer further possibilities for
emissions reduction but require other concurrent actions to achieve the climate goals.
The Best Available Technologies (BAT) reference document (European Commission
2015) presents state-of-the-art technologies. Energy efficiency is however not a
straightforward concept. It is often measured by specific energy consumption (SEC),
i.e., the energy consumed for the production of a unit of product. However, a
change in SEC may result for example from increased utilization rate instead of
improvements in energy efficiency. The forest industry is a heterogeneous sector
with a diverse product portfolio and highly energy intensive production processes.
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No uniform practice on collecting process information exists. The collection of
reliable process information is necessary for efficiency improvement. While in
general, the increased energy efficiency leads to a decrease in CO, emissions, an
energy-efficient mill is not necessarily CO, efficient due to different products, process
alternatives, and mill configurations. Stenqvist and Ahman (2016) noticed that the
benchmark-based emission allowance allocation of the EU ETS does not result in
the best performance in a heterogeneous sector like the PPI due to, e.g., lack of
benchmark curves and biased reference values.

Energy efficiency within the forest industry can be improved by new
technologies but also new modes of operation. Energy audits, motivated and
competent employees, and process monitoring and control advance energy efficiency
(Vakkilainen and Kivistd 2014). Finland has a long history of energy auditing, and
both mandatory and voluntary energy auditing schemes are carried out to measure
energy consumption and identify energy-saving opportunities (Ministry of Economic
Affairs and Employment of Finland 2021). The Finnish know-how on energy audits
has also been relied upon in other countries building their own audit schemes (Motiva
Ltd. 2019). Enhanced process integration typically improves energy efficiency. The
pulp and paper production processes result in secondary heat streams, whose further
utilization would improve the total efficiency. The ongoing transformation from
traditional pulp and paper mills to modern multi-product biorefineries offers a
possibility to utilize these in the production of advanced bioproducts. Another viable
option is improved drying techniques that help to reduce emissions from one of the
most energy-intensive process stages.

The Finnish forest industry has been historically an energy-efficient operator
(Fracaro et al. 2012). Finnish pulp and paper production is already rather efficient,
despite the need for heating due to the cold climate. Compared to the EU average,
the Finnish mills are large, efficient, and modern (Koreneff et al. 2019). Nevertheless,
it is still possible to increase efficiency. The development of the forest industry’s
efficiency is presented in Figure 4. Between 2002 and 2019, primary energy efficiency
and electricity efficiency improved 1.4% and 1.2% per year, respectively. The strike
in 2005 and the economic crisis around 2009 decreased the efficiency because several
mills were operating only part of their capacity. Several factors, such as closures of
old mills, start-ups of new mills, technology development and increase in energy
prices, have contributed to the efficiency improvement (Kdhkonen et al. 2019).
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Figure 4. Trends in energy efficiency in the Finnish forest industry. Source: Graphic
by authors based on data from Statistics Finland (2020c), Food and Agriculture
Organization of the United Nations (2019) and Finnish Forest Industries (2020b).

4.1.3. Carbon Capture Technologies

When the target is net-zero or even negative emissions, carbon capture,
utilization, and storage (CCUS) technologies have to be included in the palette. CCUS
has a remarkable role in many decarbonizing scenarios, especially in the ones that
include fossil fuels in the energy mix also in the future (European Commission 2018).
Bioenergy with carbon capture and storage or utilization (BECCS/U) is one of the
key negative emission technologies. The pulp and paper industry, being a significant
bioenergy producer, has a unique possibility for the implementation of BECCS/U.
The global technical capture potential from kraft pulp mills has been estimated at
approximately 137 Mtco,/a (Kuparinen et al. 2019). One of the primary concerns
regarding large-scale utilization of BECCS/U is increased land use since BECCS/U
is often seen as promoting additional use of biomass for energy. Large existing
pulp and paper units however offer the possibility to implement BECCS/U without
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additional biomass harvesting. The main weaknesses of BECCS/U currently are the
lack of experience and political support. Public acceptance and uncertainties on the
long-term behaviour of the stored carbon have also hindered their implementation
in the EU (European Commission 2018). Besides, carbon capture processes require
heat and electricity. Therefore, their integration into a mill affects the mill’s energy
balance and total CO, emissions.

The primary CO, sources in the PPI are the combustion processes, namely the
recovery boilers, the power boilers, and the lime kilns. The minor CO, sources
include, e.g., non-condensable gas destruction and biosludge treatment to produce
biogas in some mills. The magnitude of the recovery process is often not fully
appreciated. In 2016, the global sulphate pulp production was 137 Mt (FAO 2017).
Consequently, more than 1300 Mt of weak black liquor was processed in recovery
boilers globally and 206 Mt of black liquor dry solids were combusted to produce
about 1.8 EJ of energy (Tran and Vakkilainen 2008). According to (International
Energy Agency 2018), it makes black liquor the fifth most important fuel in the
world after coal, oil, natural gas, and gasoline, and the most used biofuel globally.
Therefore, the recovery boilers alone offer a notable possibility for BECCS/U.

The capture of biogenic CO, from the pulp and paper mill processes is a
little-studied subject so far (Leeson et al. 2017). Recent publications (IEAGHG
2016; Kuparinen et al. 2019) have however indicated the technical feasibility of
BECCS/U within the pulp mills. Several technologies including pre-combustion,
post-combustion and oxy-combustion methods can be applied to pulp and paper
mills. Many of these are in the development stage. The most studied capture method
is the monoethanolamine (MEA) process (Onarheim et al. 2017; Leeson et al. 2017).
The commercial MEA process is a post-combustion method and thus can be easily
applied to existing mills. Based on earlier estimates, the cost of CO, avoided in pulp
mills ranges between 20 and 92 EUR/tcop depending on the chosen processes and
mill characteristics (Fuss et al. 2018; IEAGHG 2016).

CO; is typically seen as emission or waste; its value as a raw material for
carbon-based products has not been recognized until recently. CO, conversion
technologies include biotechnical and chemical or catalytic processes, a few of which
have been commercialized so far (Lehtonen et al. 2019). The value of captured CO,
as a raw material can be a push for cost-effective carbon capture. It has a wide
range of potential utilization routes in industrial and chemical applications, where it
currently comes mostly from fossil sources. CCU processes enable CO; recycling and
therefore reduction in the CO, in the atmosphere. Net negative CO, emissions can
be reached only if at least part of the captured CO;, is stored or utilized in a process
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that permanently removes it from the atmosphere. Using it for fuel production, for
instance, delays the release and enables the indirect reduction in the atmosphere, if
the fuel is used to substitute for traditional fossil fuels.

The possibilities to utilize CO; in the PPI depend on mill-specific details.
Currently, the chemical forest industry utilizes CO,, e.g., for pH control and in brown
stock washing. Instead of purchase, it can be captured from the mills (Ruostemaa
2018). Carbon capture from lime kiln flue gases and subsequent use as calcium
carbonate paper filler (precipitated calcium carbonate, PCC) is a well-known and
widely applied technology (Hirsch et al. 2013). In 2005, Teir et al. (2005) estimated that
the potential to eliminate CO, emissions considering only the PCC used in the PPIin
Finland would be 200 kt/a. Apart from this, softwood pulp mill typically produces
tall oil as a by-product. Raw soap is separated from black liquor and converted to
crude tall oil by acidulation, typically using sulfuric acid. Part of the acid, up to 50%,
can be replaced by CO,. Tall oil can be further converted to renewable fuels and used
to substitute for fossil alternatives. Another relevant alternative is lignin separation
from black liquor using sulfuric acid, which can be also replaced by CO,: 150-250
kgcon/ tiignin-

The reduction in direct CO, emissions by fuel switching and energy efficiency
improvement can avoid up to 2.5 MtCO; of emissions, which correspond to 5%
of the Finnish total fossil CO, emissions. Moreover, capturing biogenic CO; has a
significant potential to provide extended climate benefits.

4.2. Green Energy

Wood-derived energy made up 74% of total renewable energy in Finland in
2019 with the largest share covered by black liquor combustion (47.2 TWh) (Natural
Resources Institute 2019). According to the Natural Resources Institute (2019), solid
wood fuels used at power and heating plants accounted for 39.5 TWh, the small-scale
combustion of wood comprised 16.8 TWh and other wood fuels covered 2.1 TWh
in 2019. Wood energy resources for energy generation are typically used in highly
efficient district heating (DH) systems and combined heat and power (CHP) plants
(Alakangas et al. 2018). Several examples of biomass-fired CHP plants in Finland are
given in Table 3. All presented plants rely mainly on woody biomass with a minor
share of energy peat in consumption.
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Table 3. Biomass-fired CHP plants in Finland.

Pom.rer Location Electricity Heat Fuel Reference
Station
Alholmens 60 MW DH forest residues Alholmens
Kraft power Jakobstad 265 MW 100 MW
peat Kraft (2020)
plant process heat
Vaasa power wood and peat Vaskiluodon
plant Vaasa 20 MW 175 MW DH coal Voima (2017)
Keljonlahti u . wood
power plant Jyvaskyla 130 MW 260 MW DH peat Alva (2020)
Kaukaan 110 MW DH forest residues Kaukaan Voima
Voima power  Lappeenranta 125 MW 152 MW energy wood U
Oy (2019)
plant process heat peat
forest chip
Seinédjoki NP swood residues Vaskiluodon
power plant Seindjokd 120 MW 100 MW DH recycled wood Voima (2017)

peat

Most of the bioenergy in Finland is produced in pulp and paper mills. The
modern pulp and paper mills and sawmills operate with an integrated approach
by using the residuals and by-products producing heat and power, biofuels and
biomaterials (Kuparinen et al. 2019). Figure 5 presents some alternative technologies
to produce biofuels or bioenergy by conversion of kraft pulp mill side streams.
Many of these technologies are already used in Finnish mills and some, such as the
production of synthetic hydrocarbons, are new possibilities.

Pulp and paper mills generate large amounts of sludges during wastewater
treatment, which can be converted to renewable energy streams. Due to their high
water content and poor dewaterability, pulp and paper mill sludges are extremely
problematic streams, which are generally incinerated with low efficiency (Hagelqvist
2013). Anaerobic digestion is a noteworthy alternative to convert sludge into valuable
commodities, i.e., biogas (mainly methane) and digestate (Bakraoui et al. 2019a,
2019b). Numerous studies have shown that most pulp and paper mill effluents
can be to some extent anaerobically treated (Meyer and Edwards 2014; Bayr 2014).
Hydrothermal carbonization (HTC) is another promising path to treat sludge, which
has been actively studied at a laboratory scale (Saha et al. 2019; Areeprasert et al.
2015; Mékeld et al. 2016). HTC converts sludge into hydrochar with upgraded
properties that can be then combusted more effectively. World’s first OxyPower
HTC biofuel plant for sludge recycling is recently built by C-Green Technology in
Heinola, Finland (C-Green Technology AB 2019). The facility will recycle 16,000
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tons of biosludge annually at Stora Enso’s fluting paper mill to reduce annual CO,
emissions by 2500 tons.

Woodhandling

el Bk, fies Sludge Black liquor Flue gas Electricity
Anaerobic Lignin
HTC digestion extraction €O, capture
Drvin Tail oil Water
ying recovery electrolysis

Pretreatment processes - Screening, drying, chipping

Fast

Pulverizing - Torrefaction pyrolysis Gasification Synthesis
Pelletizing
Solid fuel Liquid fuel Gaseous fuel
Combustion Upgrading
Heat Electricity Biofuels

Figure 5. Alternative technologies for bioenergy and biofuel production by the
usage of kraft pulp mill side streams. Source: Graphic by authors.

The most widely proposed utilization for captured CO; is the production of
synthetic hydrocarbons from Hy and CO, (Lehtonen et al. 2019). These hydrocarbons
represent possible substitutes for fossil fuels in energy generation. Currently, H,
is mostly produced from fossil fuels, usually, natural gas, using a steam reforming
process, but renewable H, can be produced via electrolysis. Synthetic hydrocarbons
produced from Hj and CO; can be considered carbon neutral if Hj is produced using
renewable electricity and CO, originates from biomass or direct air capture. E-fuels
and advanced biofuels have the significant benefit of being suitable for conventional
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engines and the traditional distribution infrastructure. Pulp mills offer an attractive

option for integration of these processes due to their own production of renewable

electricity, availability of biogenic CO,, and abundant secondary heat streams.
Some examples of emerging technologies that may change the PPI in the future:

e Black liquor gasification is a promising technology to increase self-generation
capabilities in the PPI. The process aims to replace the recovery boiler and
produce energy, chemicals and fuels (Naqvi et al. 2010; Consonni et al. 2009).
Despite of some technical difficulties, this technology can possibly provide
significant investment returns along with energy and environmental benefits
(Consonni et al. 2009; Bajpai 2016).

e  Hydrogen production. The conversion of mill’s streams to hydrogen-rich gases
is actively studied recently. Supercritical water gasification (SWG) of black liquor
is an innovative method to produce Hy-rich gases (Cao et al. 2020; Casademont
et al. 2020; Ozdenkgi et al. 2019, 2020). SWG is a potentially cost-effective way
to improve pulp mill profitability (Ozdenkgi et al. 2019). The applicability of
SWG towards sludges was also intensively studied. This is a promising way to
produce high-quality fuels like methane, H; and heavy oils (Zhang et al. 2010;
Ronnlund et al. 2011).

Increased production of green electricity can contribute to grid decarbonization,
and thus reduce CO, emissions from electricity generation. The new biofuels
generated by the forest industry can play an important role in the decarbonization of
other sectors. Some sectors are considered challenging or even impossible to electrify,
and consequently, renewable fuels present a viable solution for their emission
reduction. Decreasing the fossil fuel dependency in the heavy road, marine and
air transport, for instance, most probably requires large amounts of bio-based and
synthetic fuels.

4.3. Bio-Based Materials

Wood-derived materials are actively used in various applications, such as
the production of paper, packaging, cosmetics, construction materials, composite
and textile products. New innovative products are being constantly developed
alongside the traditional ones in response to global challenges. Using wood
to substitute intensive materials and fossil fuels can provide significant climate
benefits (Leskinen et al. 2018). In addition, bio-based materials have a major role
in climate change mitigation through temporary carbon storage (Jorgensen et al.
2015). Nowadays, besides the range of the standard products, such as pulp, tall oil,
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bark, turpentine, electricity and process steam, the forest industry mills can offer
additional bioproducts such as textile fibres, biocomposites, fertilizers, biofuels and
various cellulose- and lignin-derivatives. Finnish companies are actively expanding
their product portfolio to new value chains thus allowing the Finnish forest industry
to be successfully transformed into a bioproduct industry (Ministry of Economic
Affairs and Employment 2017). One good example is Metsa Fibre bioproduct mill
in Adnekoski, Finland (Metsa Group 2018). This unique mill is based on traditional
kraft pulping technology and produces typical pulp mill products as well as a range
of other commodities, such as product gas from bark gasification, sulphuric acid
from odorous gases, biogas, biopellets from sludge digestion and biocomposites.
The mill is highly self-sufficient in terms of electricity, producing 2.4 times more
electricity than needed for mill operation.

The development of novel biomaterials from wood and produced with a reduced
carbon footprint contributes significantly to the sustainable approach and brings
higher flexibility to the forest industry. The most promising wood-based products
for emerging markets are discussed in the following;:

e Biochemicals and biofuels: Wood-based chemicals are considered as one of
the main possibilities to compensate for the decline in revenues of PPI from
reduced demand for graphic papers (Ignatius 2019). The main route is producing
acids and alcohols by fermenting monomeric sugars from sawdust and chips
(Hurmekoski et al. 2018). Biochemicals can be used for biofuels production, the
need of which is expected to increase towards 2030 (Hurmekoski et al. 2018).
The Finnish Parliament has approved a law that sets a gradually increasing
30% biofuels target for 2030. The tall oil-based technology route to generate
renewable diesel seems effective and economically competitive (Heuser et al.
2013; UPM 2021b). The world’s first UPM biorefinery in Lappeenranta, Finland
uses the hy)drotreatment technology to produce UPM BioVerno diesel and
naphtha from crude tall oil. The BioVerno diesel shows superior fuel properties
in comparison with regular diesel and first-generation ester-type diesel fuel
(Heuser et al. 2013).

e Biocomposites: A combination of biomass-derived fibres (mostly based on
natural cellulosic fibers) with either virgin or recycled polymers offers a valuable
alternative to oil-based plastics. Lignin-reinforced bioplastics have recently
gained attention worldwide (Yang et al. 2019; Thakur et al. 2014). Finnish
company Woodio has recently developed the world’s first 100% waterproof
wood composite of wood chips and resin-based adhesives that has a wide range
of possible applications (Woodio 2021).
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Bio-based textiles: Dissolving wood pulp is a sustainable replacement for
cotton and synthetic fibres in the textile and clothing industries, and its global
production is increasing steadily (Kallio 2021). New textile wood-based fibre
production technologies to manufacturing such materials as viscose and lyocell
are actively investigated and applied. Innovation company Metsd Spring is
launching a demo phase project in Adnekoski, Finland to produce the textile
fibre Kuura®, which is produced by a novel direct-dissolution method (Metsé
Group 2021). The carbamate, BioCelSol and Ioncell-F are sustainable and safe
cellulose dissolution technologies recently developed in Finland (VIT 2017).
Lignin-based materials: The majority of lignin is consumed as a fuel on-site, and
only about 5% of lignin is currently utilized for the production of value-added
products (Dessbesell et al. 2017). At the same time, lignin has potential for
numerous applications: as a precursor for carbon fibers (Souto et al. 2018;
Mainka et al. 2015), resins and adhesives (Cheng et al. 2011) and within different
other applications (Kienberger 2019). Stora Enso’s Sunila pulp mill, Finland is
the largest integrated kraft lignin extraction plant in the world (50,000 tonnes of
extracted lignin annually) (Stora Enso 2020). The new pilot plant to use lignin
for manufacturing a graphite replacement for energy storage applications is
currently under construction there.

Nanocellulose: Cellulose nanomaterials possess a range of promising properties
that enable their utilization in diverse applications, including packaging,
filtering, biomedical applications, energy and electronics, construction and
so forth (Lin and Dufresne 2014; Dhali et al. 2021). Stora Enso runs the
world’s largest micro-fibrillated cellulose (MFC) production facility at Imatra,
Finland (Stora Enso 2019). MFC is used to produce an MFC-enhanced liquid
packaging board New Natura™, which has extra strength and low weight.
Another Finnish company, UPM, is implementing a novel method to produce
wood-based cellulose nanofibril hydrogel GrowDex® for 3D cell culturing
and other biomedical applications (UPM 2016). UPM is also producing
a nanocellulose-based wound dressing FibDex® that provides an optimal
environment for wound healing (UPM 2021a).

Hemicellulose products: Hemicelluloses are generally burned along with lignin
in the kraft pulp mills; however, the cost-effective extraction method would
enable their more efficient utilization. Water solubility, biodegradability and
amorphous structure make hemicellulose a promising precursor for high-value
applications. It can be used as an environmentally friendly and inexpensive
emulsifier to stabilize food, cosmetic and pharmaceutical products (Carvalheiro
et al. 2008). Also, it can be hydrolyzed to produce biofuels and chemicals
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(Hurmekoski et al. 2018). CH-Bioforce, a Finnish start-up company, has
developed a method of biomass fractionation, which can be used to extract
effectively biomass components (Bioforce 2020).

In addition to the aforementioned products, other concepts are being actively
developed, such as advanced materials (porous cellulosic materials, coatings, films,
foams), fertilizers and earthwork materials (Fabbri et al. 2018). Novel products bring
additional flexibility to the mills, however, the production of new commodities may
be significantly constrained by the availability of by-product flows within the mills
(Hurmekoski et al. 2018).

The forest industry has significant potential to participate in the substitution of
fossil-based materials in various sectors, and thus it plays a major role in creating
and developing bioeconomy. The products of the Finnish forest industry already
provide substantial climate benefits, but it is expected that the benefits will expand
even more in the future (Finnish Forest Industries 2020a).

5. Conclusions

Climate change increases the significance of forest energy. The circular economy
goals outlined globally, and within the EU, include improvements in material and
energy efficiency, a realization of industrial symbiosis potential and a significant
increase in the use of residues and wastes as valuable raw materials. Combining
different technologies and using the potential of wood resources to the highest extent
can boost energy and economic efficiency by providing fuel flexibility along with a
wide range of products generated with a reduced carbon footprint.

Sustainability and life cycle thinking play a major role in the development
of a circular economy in the forest sector in Finland. Finnish forest industry
companies are constantly improving their energy efficiency and decreasing their
dependency on fossil sources. The structural changes affecting the forest industry
sector bring simultaneously new opportunities through novel outputs. The use of
the best available techniques, tighter emissions regulations and emission-related
costs are enabling a more effective transition of the forest industry towards
effective biorefineries. Modern Finnish pulp and paper mills and sawmills operate
with an integrated approach by utilizing the process residuals for producing
renewable heat, power, and bioproducts. Among the most promising wood-derived
products are biofuels, textile fibres, biocomposites, fertilizers, various cellulose- and
lignin-derivatives. Carbon capture technologies have a remarkable potential within
the PPI. While producing a significant amount of bioenergy, pulp and paper mills
integrated with CO, capture technologies can become major sources of negative
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CO; emissions. At the same time, as long as the political environment for bioenergy
carbon capture is uncertain, the future potential is extremely challenging to evaluate.

The climate benefit from forest industry products in Finland has been estimated
to be currently 16.6 MtCO,, and it is expected to increase in the future. Many of the
new bioproducts are in an early stage of development and thus further studies are
needed to bring them to the markets. Replacement of fossil fuels used and efficiency
improvement in the Finnish pulp and paper mills can lead to roughly 2.5 MtCO,
emission reduction, which corresponds to approximately 5% of the domestic CO,
emissions. An increase in demand for biomass sources might be the major challenge
in the replacement of fossil fuels. While the role of forests as a carbon sink was out of
the scope of this study, it is worth noting that the improved forest management can
substantially enhance carbon removal from the atmosphere. As the aforementioned
examples show, the possibilities of the forest industry to contribute to the mitigation
of environmental changes evaluated on the Finnish example are certainly impressive.
However, further studies are needed to enhance understanding of climate benefits
of different solutions and to release the potential of the forest sector by overcoming
technical, economic and political barriers.
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Public Transit Challenges in Sparsely
Populated Countries: Case Study of the
United States

Warren S. Vaz

1. Introduction

Transportation has long been recognized both as a critical pillar of developed
societies and a major contributor to pollution. Transportation is critical for access to
food and other resources, employment, communication, and, thus, providing access
to transportation is key to eliminating discrimination and socioeconomic barriers
that limit several marginalized populations (Dostal and Adamec 2011). According to
a 2020 report by the U.S. Environmental Protection Agency, transportation globally
accounts for about 28% of CO, emissions (US EPA 2020). Thus, transportation today
provides salient benefits to society, but also exacts a cost in terms of health and impact
on the environment. With the global population continuing to grow and several
large countries like Brazil, China, India, Indonesia, and most of Africa continuing to
develop, the demand for transportation is only projected to increase.

To meet this growth in the most sustainable way possible, the answer must be
clean transportation. The poster child is the electric vehicle (EV) powered by clean
energy (e.g., solar, wind). An alternative is the hydrogen fuel cell vehicle powered by
green hydrogen, which is hydrogen generated by electrolysis using clean electricity.
These technologies also tend to be more efficient, from an energy standpoint, than
conventional vehicles. For example, consider the 2020 versions of the Tesla Model
3 and the Toyota Camry, two passenger sedans of comparable size (~1550 kg). The
fuel efficiency of the electric Tesla is about 5.7 km/kWh. For the Toyota, it is about
1.3 km/kWh, when the energy content of gasoline is factored in. Another way to
consider efficiency is considering the efficiency of moving cargo or people. For
example, the same Toyota can transport at most five passengers, but typically closer
to 1-2. Thus, its efficiency would be about 0.4-0.8 kWh/km/passenger. For a
typical mass transit bus that can transport 40 passengers, this efficiency is about
0.13 kWh/km/passenger, assuming the bus is full. Thus, the conclusion here is that
mass transit is a critical piece in the transition towards a clean and sustainable future.
Ideally, this mass transit would be fueled by clean energy sources, but even using
conventional sources would result in a reduction in emissions (Yuan et al. 2019).
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The focus in this chapter is on passengers, but a similar argument can be posited
for goods or cargo. This chapter focuses on public transit challenges in sparsely
populated countries. The case study of the United States is used to demonstrate how
and why the historical factors that shape a country’s policies are critical to planning
any future improvements. Accordingly, some suggestions for the future of public
transit policy are presented, together with a selection of recent projects and upcoming
projects taking shape.

2. Sparsely Populated Countries

While mass transit may be an effective way to handle the increasing need
for transportation in the most efficient manner, this would require a significant
investment in infrastructure. Individual vehicles only require a road network. Transit
buses also require bus stops, depots, drivers, transit schedules, coordinators, etc., not
to mention the huge initial cost of the actual buses. Rail is more efficient, but even
more capital intensive. Governments or private industry are willing to invest in these
projects if there is an economic case. Additionally, this typically is a function of the
population: the larger the target market, the larger the expected revenue. However, if
the population density is too low, then there are additional challenges. Short, efficient
trips become impossible and an expansive infrastructure leads to a prohibitive
upfront investment. Compounding these factors are areas that house historically
poor populations. While these populations have the greatest dependency on cheap
transportation and would benefit the most, such areas are the least likely to see
significant public investment as they are typically underrepresented in government
and policymaking. On the other end of the spectrum are affluent areas. There is a
strong correlation between vehicle ownership and per capita gross domestic product
(GDP) (IRF 2013). Similarly, one would expect a strong correlation between per capita
emissions and per capita GDP. However, other factors might be worth considering.

Figure 1 shows five indicators for 28 countries, which account for about
two-thirds of the total global population as well as about two-thirds of the total
global GDP (PPP or purchasing power parity). For each of these, the per capita
emissions are plotted in relation to the population, population density (per square
kilometer), GDP (PPP), GDP per capita, and percentage of urbanization. A trendline
for the plot is also shown. Indeed, it can be concluded, based on the R2%-values
obtained, that the GDP per capita has the strongest correlation to emissions. The
next most important factor is urbanization, or the fraction of the population that
lives in cities compared to rural areas. Another interesting trend is in the population
density plot. It can be observed that countries with very low population densities
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tend to produce far more emissions than those with high population densities. Taken
together, the data point to the conclusion that the biggest polluters are countries
with a high per capita GDP and urbanization, but low population density. Such
countries also have high levels of vehicle ownership. All these factors contribute
to high emissions per capita. In addition, it is argued here that such countries face
significant challenges to adopting or expanding mass transit. To demonstrate this,
the case of North America is examined, particularly focusing on the United States.
The countries are highly developed and very rich in natural resources. They have
a lot in common, including being sparsely populated and relatively isolated, both
internally and externally.

Emissions vs. Population R2=0.0339 Emissions vs. Population density
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Figure 1. Influence of population, population density, GDP (PPP), GDP per capita,
and urbanization on per capita emissions. Source: Graphic by author, data from
(WDI 2021; Ritchie 2019; IMF 2020; UN 2019).
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North America has three countries: Canada, Mexico, and the United States.
These countries have a similar history and share many common characteristics. All
three are relatively young, ranging from 1776 (United States) to 1867 (Canada). These
countries were inhabited by various Native American civilizations, then settled by
Europeans, who also brought several enslaved peoples to the continent. By the
middle of the 19th century, slavery had been abolished in all three countries and each
one experienced waves of immigration from various parts of the globe continuing to
this day. This has only added to, and in many ways catalyzed, the natural population
and industrial growth that is virtually unprecedented in history.

Table 1 shows statistics for various economic and transportation categories
for Canada, the United States, and Mexico. There are some commonalities, like
the degree of urbanization. However, Canada and the United States have more in
common with each other than Mexico. Canada and the United States are considerably
wealthier than Mexico. Part of the reason is because both countries are huge: second
and fourth, by area. The United States is also third in the world by population, but its
population density is still about half that of Mexico. Even if only the contiguous 48
states are considered, the population density only changes from 33.6 to 40 per sq. km.
With wealth comes a higher standard of living and energy consumption, resulting
in greater emissions. The United States and Canada emit about four times more
than Mexico. The per capita vehicle ownership is similar. Even though the degree of
urbanization is about the same, a closer look at the distribution is instructive. The
top 100 combined statistical areas (CSA) account for 81% and 66% for Canada and
the United States, respectively, compared to just 45% for Mexico. Summing the total
for all cities above 100,000 residents, they account for 74% and 85%, respectively,
compared to just 48% for Mexico. This leads to the conclusion that populations in
Canada and the United States are much more concentrated than in Mexico. Part of
this can be due to the presence of huge suburbs around a major city.

While Canada and the United States have a lot in common, this chapter will
focus on the United States for several reasons. The United States has almost nine
times the population, over 12 times the GDP, and is seen as a global leader and
influencer in the world and has been that way since World War II. Furthermore, the
United States has a history of invention and innovation in several critical sectors,
including transportation: railways, automobiles, including mass production, road
infrastructure, traffic laws, etc., aircraft, rockets, and more. Countries have looked to
it for benchmarks and manufacturing standards and lessons learned and technologies
discovered have often translated to international markets. Thus, if the United States
were to, for example, stop manufacturing internal combustion vehicles and fully

272



switch to electric vehicles, that would put significant pressure on other countries to
follow suit considering how huge a market space is controlled by the United States.
Finally, the United States is also one of the largest consumer markets in the world in
several sectors such as automobiles, electricity, petroleum, etc. Changes here would
have a much greater impact than virtually any other country.

Table 1. Various economic and transportation statistics for North

American countries.

Country Canada United States Mexico
Area (million sq. km) 9.984 9.833 1.973
Population (millions) 38.01 328.24 126.01
Population density (per sq. km) 3.92 33.6 61.0
Population of top 100 CSAs
(fraction of total) 0.81 0-66 045
Population of >100K cities
(fraction of total) 0.74 0.85 048
GDP (nominal, trillion US 16 20.807 1322
dollars)
GDP (per capita, US dollars) 42,080 63,051 10,405
Emissions (per capita, metric
tons of COy) 16.3 16.1 3.8
Urbanization (%) 81.6 82.7 80.7
Vehicle ownership (per 1000 685 838 297

people)

Source: Table by author, data from (IMF 2020, UN 2019; Statistics Canada 2016;
US Census Bureau 2019; INEGI 2010; IOMVM 2013).

3. History of the United States: An Overview

The United States declared its independence from colonial rule in 1776. In
its early years, it was not universally recognized as a nation for several years.
Several established nations still viewed it as a potential colonial acquisition. Most
importantly, the entire territory of the first 13 colonies was east of the Appalachian
Mountains, north of Florida—about 11% of its extent today. Gradually, several
territories were acquired, organized, and formalized as states. This included
territories east of the Mississippi, then the entire Mississippi River basic (Louisiana
Purchase), the Oregon Territory, Florida and the Republic of Texas, and Spanish
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