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Abstract

The thesis focuses on producing renewable fuels by direct conversion of
concentrated solar energy via photoelectrochemical (PEC) approaches, which is one
viable route for renewable fuel processing and energy storage. The aim of the Ph.D.
thesis is to assess and support the development of solar fuel production and in
particular to develop the practical design and operational guidelines in order to
stabilize the performance, maximize hydrogen production, energetic efficiencies, and
to minimize the cost of solar-fuel generation systems. The thesis presents a novel
integrated photoelectrochemical device design, i.e. composed of an integrated
traditional photovoltaic component and an electrolyzer component, which allows to
circumvent some of the challenges imposed by solid-liquid interface in traditional
PEC devices, and has the potential to operate at higher efficiencies and lower cost
than externally wired (non-integrated) photovoltaic (PV) plus electrolyzer (EC)
devices. Further, the concentration of irradiation is considered reducing the usage of
expensive photoactive/catalytic materials and making the device cost-effective.

A fully automated coupled 2D multi-physics non-isothermal model, which uses
finite element and finite volume methods to predict the performance of the
concentrated integrated PEC (CIPEC) devices, is developed. This validated model
is the most complete yet computationally economical model of its kind. Further, the
model is exploited formulating thermal management strategies and design guidelines;
and showing that the thermal management is the rationale for CIPEC devices.
Additionally, the collaborative work is performed on techno-economic and
sustainability analysis showing that CIPEC devices can be economically competitive
as well as sustainable.

The extensive learnings from the previous modeling work have been deployed to
implement a lab-scale CIPEC prototype (Apy = 4 cm®, Arc = 25 cm?, C = 474). This
resulted in a successful implementation and demonstration of high performance
(17.2% solar-to-fuel efficiency) at an operating electrochemical current density of
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0.88 A/cmec® (with 6.04 A/cmpv®) and output power of 27 W, the first
demonstration of such high current density/power operation and a step towards
production of cost-effective solar fuels. The dissertation further exploits the
developed model which led to the design and development of controller/controlling
strategies utilizing only the water mass flow to actively track the optimum power
point of the system during the day and in turn counteract the adverse effects of
frequent and sustained disturbances like weatherly irradiation changes and device
degradation.

The thesis shows that concentrated photoelectrochemical approaches can provide a
competitive solar fuel processing pathway. The detailed multi-physics model and
techno-economic-sustainability model prove that operation of these devices is
feasible and dynamic, and can be cost-effective as well as sustainable. The reactant
flow based controlling approach shows device’s ability to produce in a stable, reliable
and robust way in spite of sustained/fluctuating disturbances. Finally, the
experimental demonstration strengthens the case for the competitive performance
and scalability of these devices. The thesis helps in bridging the gap between
academia and practical implementation, and this work may lead to fast realization of
these systems.

Keywords: Integrated photoelectrochemical device, Irradiation concentration,
Coupled multi-physics model, Design and operational guidelines, Thermal
management, Reactant flow-based control, Optimum power point tracker, High-
efficiency solar fuel demonstration, High photoelectrochemical current density.
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Résumé

Le contenu de ce manuscrit porte sur la production de “combustibles renouvelables”
par la conversion directe du rayonnement solaire concentré via des procédés
photoélectrochimiques (PEC), ce qui représente une voie prometteuse pour
Iexploitation et le stockage des énergies renouvelables. L’objectif global de cette
these de doctorat est d’analyser les mécanismes physiques en jeu et de proposer des
solutions techniques, dans le but de favoriser le développement des combustibles
solaires. En particulier, elle se propose d’étudier en détail les parameétres de
conception, d’implémentation et d’opération des réacteurs PEC, dans le but de
maximiser la production de combustible (hydrogene) et le rendement de conversion,
et de minimiser les cotts de production, tout en maintenant une bonne stabilité et
durabilité. Cette these présente un nouveau concept de réacteur PEC intégré, c’est-
a-dire constitué d’un composant photovoltaique directement intégré a un
électrolyseur. Cette configuration permet d’éviter les problemes de stabilité dus a
Iinterface solide-liquide qu’on rencontre dans les réacteurs PEC traditionnels, et a le
potentiel de fonctionner non seulement a des rendements plus élevés, mais aussi a
des cotts plus bas que les systemes photovoltaiques couplés a un électrolyseur par
le biais des cables électriques (systemes non intégrés). En outre, la concentration du
rayonnement solaire permet de réduire la demande en matériaux photoactifs et
catalytiques (qui sont tres couteux) et ainsi de rendre la technologie plus compétitive.

Un modele 2D multiphysique incluant la thermique, qui utilise les méthodes des
¢léments finis et des volumes finis pour la discrétisation est développé, validé et
automatisé, dans le but de prédire la performance du réacteur PEC a concentration.
Cela représente le modele le plus économique de ce genre, du point de vue
computationnel. En utilisant ce modéle pour l'analyse des stratégies de gestion
thermique et pour I’étude des parametres de conception, il apparait que la gestion
thermique est un enjeu majeur pour la performance des réacteurs PEC a
concentration. Des travaux complémentaires portant sur les parameétres techno-
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économiques ainsi que la durée de vie mettent clairement en évidence la
compétitivité économique et la durabilité de cette typologie de réacteur.

Les résultats des travaux de modélisation sont exploités pratiquement, a travers le
développement et 'implémentation d’un prototype de réacteur PEC a concentration,
atteignant un facteur de concentration de 474. Ce prototype, qui présente une surface
active de 4 cm” pour le composant photovoltaique et 25 cm® pour ’électrolyseur, a
un excellent rendement de conversion (17.2 %) a une densité de courant de 0.88
A/cm?® dans Pélectrolyseur, et a une puissance de sortie de 27 W. Cette densité de
courant, ainsi que la puissance de sortie représentent des records mondiaux, et
permettent de faire un grand pas vers la production de combustibles solaires
compétitifs. Enfin, cette thése se sert du modéle multiphysique pour proposer un
controleur et une stratégie de controle qui ajuste la valeur du débit d’eau non
seulement pour suivre le point de puissance optimal du systeme, mais aussi pour
contrecarrer les effets défavorables des perturbations journalieres ou saisonnieres du
rayonnement solaire incident, ainsi que les effets de la dégradation des composants
du réacteur.

Cette these prouve que les réacteurs photoélectrochimiques a concentration peuvent
représenter des voies prometteuses pour la production de combustibles solaires. Les
modeles multiphysique et technico-économique démontrent que 'application de ces
réacteurs est techniquement viable et dynamique, et peut aussi étre rentable et
durable. La technique de controle basée sur I'ajustement du débit du fluide réactif
met en évidence la capacité du réacteur a fonctionner de maniere stable, fiable et
robuste, malgré les fluctuations des conditions opératoires. Enfin, la démonstration
expérimentale met en évidence la compétitivité et la flexibilité de ces réacteurs. La
theése permet donc de combler le fossé entre le monde académique et Papplication
pratique, et ces travaux pourraient déboucher sur la réalisation de ces systemes.

Mots clés : Réacteur photoélectrochimique intégré, Rayonnement concentré,
Modele multiphysique couplé, Parametres de conception et d’opération, Gestion
thermique, Controle basé sur le débit du fluide réactif, Pisteur du point de
fonctionnement optimal, Démonstration de réacteur a haut rendement, Haute
densité de courant photoélectrochimique.
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Introduction

Significant and harmful impacts on our health, environment, and climate are being
created by overloading the atmosphere with global warming gas emissions caused
due to human activities. Burning fossil fuels for heat, electricity and transportation
accounts for more than 60% of the global warming gas emissions [1]. In contrast,
manufacturing, installation, operation and maintenance, and dismantling and
decommissioning— associated with renewable energy have minimal life-cycle global
warming emissions [2]. The goal is to reduce the geopolitical tension over the current
energy resources, ie. fossil fuels, by increasing the share of renewable energy
resources in driving our economy; and to keep the global temperature rise under the
limit. With this goal the need for the development of energy conversion technology
and processes for the generation of carbon-free renewable fuels, which can compete
with the fossil fuel’s prices, is evident. The solar energy received on earth’s surface
can meet mankind’s current and future energy demands [3], [4]. It can be converted
into electricity using photovoltaic cells or concentrated solar power technology but
the electricity is difficult to store and considerable losses are induced when
distributing it over long distances. This problem can be circumvented by converting
energy into fuel, the simplest example is the electrolysis of water to produce
hydrogen (with AG =+237k]/mol at 25°C and 1 atm)

2H,0) = Oy +2H, ) - 1)

The hydrogen can potentially become the main energy carrier in an economy.
Additionally, hydrogen can serve as an energy-packed reagent for the formation of
methanol, methane, or even hydrocarbons (where atmospheric CO; can be used as
the carbon feedstock). To realize this future, sustainable hydrogen production
approaches are needed. However, this is certainly not the case; today ~96% of the
hydrogen production globally is based on steam reforming of conventional fossil
fuels [5]. Several possible routes for sustainable hydrogen production are being
investigated [6]—(8|, which include thermochemical processes |9, fermentation of
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Introduction

biomass [10], [11], and photo-biological processes [12]. In this thesis, the focus is on
solar driven hydrogen production using photoelectrochemical pathways.

Traditional photoelectrochemical devices consist of a semiconductor-electrolyte
interface where the semiconductor can be single-junction or multi-junction
(tandem). Tandem cells based photoelectrochemical devices are one of the best
performing devices [13]. In such devices, the potential required for the
electrochemical reaction is provided by a combination of dual or multiple
semiconductors which have buried solid state junctions and solid-electrolyte
junctions. Tandem cells benefit from the fact that smaller band gaps, hence greater
solar spectrum response, can be utilized. Efficiencies of around 12.4% (p-
GalnP»(Pt)/GaAs photocathode) [14] have been achieved. But the performance
could not be sustained because of the stability issues of the photoelectrode materials
under operating conditions which suffer from photo-corrosion due to
semiconductor-electrolyte interface [15]. The multiple constraints imposed upon
such materials are demanding e.g. the band edge’s absolute positions are required to
straddle the oxidation and reduction redox levels so as to provide a driving force for
the reaction, the semiconductor interface also needs to be catalytically active etc.
[16]. There has been much effort towards the search of such materials and 100s of
compounds have been looked into [17] but no material which could perform well in
all the fundamental steps has been found. If we can get rid of the semiconductor-
electrolyte interface then this qualifies for many otherwise non-interesting materials
and opens new doors.

One simple way to achieve this is by grid-connected PV-electrolysis, but this suffers
from inherent resistive losses in the grid and power-electronics’ conversion losses.
Additionally, this configuration is not really a single device but just a combination of
two devices i.e. PV plus electrolyzer connected by the grid. If connected to the grid,
annual transmission and distribution losses toward the end user are typically of the
order of 7% [18]. The need for inverters and the losses in the grid [19] would be
removed if solar cells are directly connected to the electrolyzer instead of via the
grid. To substantially reduce the transmission losses and still benefit from the
exclusion of semiconductor-electrolyte interface, a novel integrated
photoelectrochemical device design is proposed as shown in Fig. 1.1 where the PV
and electrolyzer are combined in an integrated (wm-mm scale) fashion.

A key issue for economic competitive PEC devices is the reduction of rare and
expensive device components, such as catalysts and light absorbers [20]. This can be
achieved by concentrating the solar irradiation.
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One needs to simultaneously respect and optimize technical, economic,
sustainability, and operating time constraints for device and system design choices
for solar energy conversion and storage. This thesis was started with the
collaborative work [21] on quasi-transient techno-economic and sustainability
analysis to formulate the holistic design guidelines for photoelectrochemical routes
of hydrogen production. This modeling provided evidence that the concentrated
integrated photoelectrochemical devices can be economically competitive as well as
efficient and sustainable. This model, which is based on 0-dimensional physical
consideration, accounts for the device and immediate peripheral components (i.e.
balance of system- BOS) allowing for the comparison of different device designs
with different combinations of materials. The different options for device
components are presented in Fig. 1. Here C (concentration of irradiation) is defined
as the ratio of Aeconc/Apv and I (dilution of current) factor is defined as the ratio of
Agc/ Avv (where A denotes the respective ateas).

The results of the techno-economic analysis show that when the time-averaged solar
tohydrogen (STH) efficiency is plotted (Fig. 2(a)) against the calculated hydrogen
price for varying irradiation concentration (denoted by color of dots) and varying F
factor (denoted by size of dots) a Pareto front is formed for most of the device types
studied. It is only for the III-V material based PV and Ru-Pt catalyst based
concentrated photoelectrochemical device that a Pareto point exists. That indicates
that a global optimum exists which maximizes STH efficiency as well as minimizes
the hydrogen cost for device type 1 (type 1 = variable C and F). Similar Pareto plots
have been discussed in Dumortier et al. [21] for Si PV based device, all of which
show the existence of a Pareto front with no global optimum point. In fact, if the
limiting point of the Pareto fronts are plotted for the STH efficiency versus hydrogen
price analysis, it is found that it is only the optimal configurations of device type 1
(Ru-Pt catalyst with C = 1000 and F = 2) and of type 2 (Co-Ni catalyst with C =
1000 and F = 2) which have the highest STH efficiency with the lowest prices,
among all the other 16 device types and optimal configurations analysed.
Additionally, Fig. 2(b) shows that the optimal configurations of device types 1 and 2
are also the most sustainable (with lowest input energy demand) and most
economical device designs.
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Fig.1 Schematic showing different options for device components and
input/outputs of the quasi-transient techno-economic and sustainability analysis.

Integrated PEC devices, which are composed of a traditional photovoltaics (PV)
component closely incorporated with an electrolyzer (EC) component, allow
circumventing the challenges imposed by solid-liquid interfaces in traditional PEC
devices while operating at higher efficiencies than externally wired (non-integrated)
PV plus EC devices. Additionally, the results of the techno-economic and
sustainability analysis proved that the III-V based photoelectrochemical devices
working with concentrated irradiation are also the most economical as well the most
sustainable. This served as the motivation for the thesis to focus on concentrated
integrated photoelectrochemical devices and develop a detailed multi-physics model
to understand if concentrated irradiation is feasible for PEC devices and to
understand the coupled physics inherent in these devices. The model development
has been presented in chapter 1 and is exploited for formulating device design and
device controlling guidelines in chapter 2 and 3, respectively. Finally, the learnings
from chapter 1-3 have been implemented to develop and test a lab-scale prototype,
which is presented in chapter 4.
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Fig. 2 Plot (a) shows operating time averaged STH efficiency as a function of
hydrogen price for III-V/Ru-Pt PV/EC based device types 1 (variable IFand C), 5
(var. F, C=1),9 (FF=1, var. C) and 13 (C = 1, FF' = 1). Point colors indicate the
irradiation concentration (indicated by the color bar), C, and point sizes indicate the
logio of the current concentration, F. Plot (b) shows the limiting points of the Pareto
fronts for the input energy demand versus hydrogen price analysis [21].

Chapter 1 presents the development of a detailed multi-physics non-isothermal PEC
device model to conduct feasibility studies and to better understand the coupled
physical phenomena occurring in integrated photoelectrochemical devices. The
development of a 2-dimensional non-isothermal model using finite element and
finite volume methods along with the discussion of underlying physics is presented.
The model accounts for charge generation and transport in the multi-junction solar
cell and the components of the integrated electrolyzer (polymeric electrolyte and
solid electrode), electrochemical reaction at the catalytic sites, fluid flow and species
transport in the channels delivering the reactant (water) and removing the products
(hydrogen and oxygen), radiation absorption (in semiconductor and water) and heat
transfer in all components. Various computational techniques to make the model
autonomous as well computationally economic are also discussed. The design of the
CIPEC device, which is at the center of this thesis, is detailed. Additionally, a
sensitivity analysis for material and dimensional parameters, along with a discussion
of the 2-dimensional output parameter profiles, is presented. Finally, the model has
been validated by comparing the results with experimental data of individual
components (PV and EC) from literature. The chapter is concluded with the
discussion of the importance of the developed model for the design of CIPEC
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devices working at elevated temperatures and an outlook is presented for its
exploitation.

Chapter 2 presents the need for the consideration of thermal management in
integrated photoelectrochemical devices, particularly for those operating with
concentrated irradiation. Details about the modeling of various heat sources in
different components of the device are discussed. Parametric analysis is performed
for operational parameters (irradiation concentration and reactant flow rate), for
material parameters (electrode’s exchange current density and active specific surface
area), and for dimensional parameters (membrane thickness, catalyst thickness, and
gas diffusion layers’ thickness). This parametric analysis presents characteristic
current-voltage curves, the evolution of temperature as well as the evolution of the
different objective functions (efficiency and output production rate) for all
parameters studied. The chapter is concluded with the discussion of the importance
of water flow rate as an integral part of thermal management, and thermal
management is argued to be the rationale for concentrated integrated devices.

Chapter 3 starts with the presentation of the need for the controlling of the
photoelectrochemical devices during their lifetime in order to ensure a stable and
robust operation. A comparison is presented between the use of an external power
electronics versus the use of a reactant mass flow controller to actively track the
optimum power point of the device. For this purpose, the model (discussed in
chapter 1 and 2) is extended to incorporate the realistic degradation phenomena for
the various components of the device. This extended model is then used for
performing the yearly degradation (sustained disturbance) analysis and daily
irradiation variation (frequent disturbance) analysis, both of which highlight the
positive effects of the smart control of the reactant mass flow rate on the overall
performance of the device, enabling stability and security of the product’s supply.

Chapter 4 discusses the details of the design, fabrication, implementation, and testing
of the lab-scale prototype (157 W input power) of the integrated
photoelectrochemical device working with concentrated irradiation. A
comprehensive review of all the major demonstrations, from 1965-2017, for the
photoelectrochemical production of hydrogen is also presented with the detailed
categorization of the materials and device-configurations. The PV material
categorization includes cheap/expensive and Si or III-V based, the EC material
categorization includes cheap/expensive and rare/abundant element based, and the
PV and catalyst configurations are categorized as integrated, partially integrated and
non-integrated along with PV being single/multi-junction. Methods and results of
the preparation and protection of the PV component for its stable operation under
deionized water immersion are discussed. In addition, the experimental techniques
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for the preparation of the electrolyzer component, as well the testbench developed
for testing of the CIPEC devices is also presented. The discussion is also presented
for the validation of the results obtained with the 2-dimensional model. Finally, the
implemented device and system’s dynamic response testing, stability testing and
performance figures at varying irradiation concentrations are discussed.
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Two Dimensional Non-Isothermal

Multi-physics Modeling’
Introduction

Integrated photoelectrochemical (IPEC) devices, i.e. composed of an integrated
“buried” [16] photovoltaic (PV) component and an integrated electrochemical
component (consisting of membrane-separated catalysts and porous charge
collectors), as discussed eatlier, allow circumvention of some of the challenges
imposed by solid-liquid interfaces in traditional PEC devices, while also exhibiting
potential to operate at higher efficiencies and lower cost than externally wired (non-
integrated) PV plus electrolyzer (EC) devices [19], [22], [23]. The design is referred
as “integrated” to signify that the PV and electrolyzer components are in direct
contact (and area-matched for particular design discussed in this chapter), allowing
heat transfer from one component to the other and for thermal management
strategies to be applied. In order to increase the economic competitiveness of IPEC
devices compared to conventional hydrogen generation pathways, the concentration
of irradiation [20], [21], [24] is considered. This leads to large driving current densities
(approximately proportional to the concentration factor), and thus introduces larger
overpotentials and potential mass transport limitations [25]. Concentration also
decreases the performance of the photoactive components due to increased
temperature. On the other hand, the kinetics are enhanced with increased
temperature. lonic transport in the solid electrolyte is also enhanced with increased
temperature, but this increase stops abruptly and sharply drops at temperatures
above 120°C due to membrane dry-out [22], [26], [27]. This competing and coupled
behavior of the components requires a detailed understanding of the heat transfer,
charge transport, fluid flow, and reaction kinetics in order to formulate performance

! The material from this chapter has been published in Journal of Electrochemical Sociecity under
the reference ‘S. Tembhurne and S. Haussener, |. Electrochem. Soc., 2016, 163, 988—-998’.
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1: Two Dimensional Non-Isothermal Multi-physics Modeling

optimization strategies for concentrated integrated photoelectrochemical (CIPEC)
cells via device design and adaptation of the operational conditions.

Multi-physics computational models are a crucial support in device design and
engineering. They allow in-depth analysis of conceptual designs, support feasibility
investigations of devices and integrated systems, and permit the quantification of
performance. Modeling efforts of PEC and specifically IPEC devices are limited.
The earliest attempts used lumped-circuit models of a photocell in series with a
current-dependent electrochemical load [28]. Berger et al. [29] presented a basic 1-
dimensional model for light absorbers and electrolyzers with applicability to both
wired and wireless PEC systems. Gaudy et al. [30] extended the 1D model by adding
detailed wave propagation modeling and an advanced semiconductor-electrolyte
interface model accounting for pinning and unpinning of interface states. Haussener
et al. [22], [31] developed a 2-dimensional PEC model focusing on the charge
transport in the electrolyte and reaction kinetics incorporating the idealized
Shockley-Queisser limit for the photoabsorber approximation. In Haussener et al.
[22], an isothermal model was used to provide predictions for the temperature-
dependent performance behavior of PEC devices.

However, none of the modeling efforts accounted for the detailed solution of the
energy conservation and the resulting corresponding spatial variations in
temperature. Understanding these variations assists the development of thermal
management strategies to benefit overall performance, i.e. guiding operation and
design to maximize high-temperature advantages in kinetics and transport while
minimizing high-temperature disadvantages in charge transport and recombination
in the photoabsorber. Thermal management is, therefore, a rationale for CIPEC
device designs. The formulation of detailed guidelines not only requires the solution
of the energy conservation in a multi-dimensional design, but also the detailed
modeling of charge transport in the semiconductor materials in order to reliably
predict charge separation and recombination. Furthermore, the detailed prediction
of the charge generation (the radiation absorption) in a nanostructured
heterogeneous component is needed, requiring the solution of Maxwell equations
instead of the usually applied Beer’s law. None of the modeling efforts, up till now,
have accounted for all of these phenomena, namely a coupled 2-dimensional multi-
physics model for light propagation and absorption, semiconductor physics, fluid
flow and reaction kinetics, and energy conservation. Such advanced multi-physics,
multi-dimensional models require focusing on the accurate definition of the
boundary conditions between the components and the consistency of the physical
phenomena. The various conservation and transport equations must be solved with
accurate interface conditions for component coupling. This coupling introduces
additional complexity, as detailed component models accounting for a subset of
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physical phenomena rely on the solution of other subsets of equations.
Consequently, such coupled modeling efforts require additional external iterative
solution steps, which generally increases computational efforts and features
challenges related to model robustness. These complexities are addressed in this
chapter.

An advanced multi-physics and multi-scale numerical modeling tool has been
developed to assist in designing and building an integrated photoelectrochemical
device using concentrated solar irradiation. The IPEC device is shown in Fig. 1.1(a).
A variation of this design is presented in Fig. 1.11 which integrates a novel self-
tracking concentrator [32] and provides additional design considerations specific to
that design. Concentrated solar irradiation irradiates the device from the x-direction
where it is delivered and absorbed by a buried dual/triple-junction (e.g. GaosiIno.oP-
GaAs or aSi-ucSi-ucSi) PV cell. The radiation arriving at the PV cell produces
electron-hole-pairs (EHPs) if the radiation energy exceeds the bandgap energy of the
absorber materials and is effectively absorbed. The charge carriers are then delivered
to the electrochemical components, ie. the solid electrolyte and the catalysts,
building the integrated electrolyzer. The arrangement of the PV and EC can be done
either in p-n-cathodic-anodic configuration, shown in Fig. 1.1(a), or n-p-anodic-
cathodic configuration. The holes are delivered to the anode causing oxidation of
water and production of oxygen and protons at the catalytic sites. The protons travel
to the cathode through the polymeric electrolyte where they are reduced by the
electrons delivered from the PV’s n-terminal to produce hydrogen at the catalytic
sites. A water channel between the irradiation input (or concentrator exit) and the
PV cell is introduced to cool the PV cell as well as to preheat the reactant (water)
before it enters the anodic electrolyzer channels. The connection between the water
channel and the anodic chamber is represented by black dots in the schematic of Fig.
1.1(a). The reactant is therefore preheated by the energy which is rejected from the
photoabsorbers.

The motivation for this integrated device — in addition to the aforementioned
economic advantage [21] — is an expected increase in efficiency as the rejected heat
of the PV cell (energy above the band energy which is converted to heat), see Fig.
1.1(b), is utilized for preheating of the reactant. In the case where a heat-driven, self-
tracking concentrator is used [32], the radiation with longer wavelengths (above the
smallest band gap of the solar cell materials) can additionally be utilized for the
tracking of the concentrator (as detailed in the chapter’s section 1.3.5), further
increasing the system efficiency.
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Fig. 1.1 (a) 3D schematic (not to scale) of the integrated PEC device depicting the
incoming concentrated irradiation, cooling and preheating water channel, triple-
junction solar cell (violet colors), and integrated electrolyzer consisting of anodic and
cathodic channels, gas diffusion layers (GDL), catalyst layers, and polymeric
electrolyte (Nafion). The 2D simulation domain in the xy-plane is indicated by the
dashed orange rectangle. Electromagnetic wave propagation (EM), semiconductor
charge transport (SC), heat transfer (HT), fluid flow and reacting fluid flow (FF,
RFF), and electrochemical charge transport (EC) simulation domains are
represented by their respective color labels in the schematic. (b) The energy re-
partition diagram shows the distribution of energy at various stages of its utilization
for C = 18. The width of the arrows shows approximate re-partitioning for the
device utilizing a I1I-V based solar cell. The darkened areas of the arrows of the PV
and EC losses are not considered in the total heat source of the energy equation, as
discussed in section 1.3.2.

A 2D multi-physics model of the IPEC device is developed by customizing the
combination of a commercial finite element/volume solver [33] and an open source
finite difference Newton Raphson solver [34], coupling local mass and heat transfers
for the electrochemical component of the device to the detailed multi-physics model
of the photoabsorber. The simulation domain consisted of the xy-plane as depicted
in Fig. 1.1(a). The model supports the development of design and operational
guidelines to maximize hydrogen production, energetic efficiency, and device
durability, and to minimize size and cost.
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Governing equations and methodology

1.2.1 Electromagnetic wave propagation (EM) The combined form, Eq. (1.3),
of Maxwell cutl equations (1.1) and (1.2) [35], is solved using the MUItifrontal
Massively Parallel Sparse direct Solver (MUMPS) [33] via the finite element method.
The electrical field vector, E, and the magnetic field vector, H, are solved for a finite
number of wavelengths spanning the entire spectral range of the incoming solar

irradiation.
QBA(T,Z‘):—VXE}L(T',[) (11)
ot
%Dl(r,z‘) _VxH,(r0)-J,(r,2) (1.2)
) 2 jo
Vxu (VxE,)-k, (6, ———)E, =0 (1.3)
we

0

The real parts of the calculated electric and magnetic vector fields, R(E,) and R(H,)

, are used to calculate the time-averaged Poynting vector [35], S.n, Eq. (1.4), and the
corresponding optical generation rate, Gopu, i1 the semiconductor region, Eq. (1.5),

S, = %iR(Ei xH,), (1.4)
-V- Sav4
Gopt;» = nopt hv = (1 .5)

However, instead of the divergence calculation, the numerically stable equivalent

%27rv‘El‘2 Sie,)

G, = o is used to calculate the generation rate for each wavelength

hy
where 3} represents the imaginary part of the complex permittivity of the material

for the respective wavelength.

The optical quantum yield, 7op, 18 assumed to be 1 for photons with energies larger
than the band gap of the material and zero for less energetic photons. The
wavelength dependence of 7o, 1is different for each of the three (two)
semiconductors of the triple (dual) junctions of the solar cell and is determined by
their respective band gaps. The overall generation rate, Gop, is the sum of all the
individual wavelengths’ generation rate, Y G,, . The boundary conditions (BCs) for

opt;

Eq. (1.3) are depicted in Fig. 1.2(a), consisting of irradiation flux BC on the top, and
absorbing BC at the bottom of the simulation domain. The EM simulation domain
consists of the water channel and PV regions for the IPEC device, as it is assumed

> 5o e
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that the light doesn’t penetrate into the electrochemical cell (EC). The irradiation
flux at the top boundary of the device is provided by the concentrator’s output,
which is equal to C" I, where C'is the effective concentration ratio and I, is the solar
intensity equal to the AM 1.5G solar spectrum with a flux of 1000 W/ m?. Floquet
periodicity is used to account for the realistic propagation of the plane wave.

Out of the total solar energy incident on the PV, part is absorbed according to the
material’s complex refractive index and the remainder, which is not absorbed, is lost.
The absorbed energy comprises of two parts: one part due to photons above the
bandgap energy (E. > E,), and the other part due to

a)
Irradiation flux BC
Water channel
Top cell
/V
Fl.oql.le.t Middle cell
periodicity
\
Bottom cell Fl'Oql'leF
periodicity
Absorbing BC
b)
p-type ohmic contact
n-type Lossless
ohmic [~~~ "~~~ —~———— tunnel
contact N4 Top cell . junction
n-type A2 -
ohmic, Middle cell p-type
contact [>a ohmic
Y] contact
N
Lossless p-type
.tunn.el Bottom cell ohmic
junction contact
Insulation * Insulation

n-type ohmic contact

Fig. 1.2 Schematic of the 2D computational domain (not to scale), indicating the
boundary conditions for the solution of (a) the coupled Maxwell equations (Eq. (1.3))
in the PV and water channel domain (xy-plane), and (b) the charge generation and
transfer equations (Egs. (1.9) — (1.11)) in the semiconductor domain (xy-plane).
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photons below the bandgap energy (Ey < E,). It should be noted that photons with
energies below the bandgap energy of the semiconductor can be absorbed according
to the extinction coefficient of the material. However, these absorbed photons won’t
contribute to the EHP generation and instead result in lattice perturbations which
contribute to the heating of the material as described by Or and O, discussed below.
Out of E,, one part leads to EHP generation (i.e. equal to E.(E,/ /) for each photon)
and the other part (ie. E.(1- E./hv)) comprises of the energy lost due to
thermalization of photoexcited electrons and holes.

Two fractions are defined, finp = Eo/bv and fru = (1- finp), such that finp(-V - Saw)
gives the optical generation rate when divided by respective E,, consistent with the
calculations in Eq. (1.5), and An(-V * S.) gives the heat dissipation density due to
the thermalization process (Orn).

Accordingly, the net heat source term coming from EM wave propagation is defined
to be the sum of the individual source and sink terms:

A>helE, A>helE,

i, = Ol T 0T 0 (1.6)
Ok is the electrical (resistive) loss, and QO is the magnetic loss, given by:
1
QR zz(m(Jx Ex)+9{(‘]yEy)+9%(Jz Ez))’ (1'7)
1 . * * *
QM=9{(51a)((BX-HX)+(By-Hy)+(BZ-HZ))), (1.8)

where J = ¢E and B = yH. For simulation domains not involving semiconductors,
the net heat source is simply Orwi. = Or. + Own. The overall Oy is calculated by
summing the individual wavelengths’ net heat source terms.

The data of the complex refractive index for GaosilnosP is from Schubert et al. [36],
and data for water and GaAs from Palik [37]. The optical constants for various layers
of the aSi-ucSi-ucSi triple junction solar cell were adopted from Collins et al. [38].
The spectrally resolved data has been plotted in Fig. 1.5.

1.2.2 Semiconductor charge transport (SC) The Poisson equation, Eq. (1.9), and
current conservation equations, Eqs. (1.10) and (1.11), are solved simultaneously,
incorporating the definitions of both the electron current density vector, Jn, and the
hole current density vector, J,, from Egs. (1.12) and (1.13), respectively [39].
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V-(eVV)=—q(p—n+Ny—N;) (1.9)
V-anq(R—G)+q% (1.10)
—V-Jp:q(R—G)Jqu—]; (1.11)

& Is the static electric permittivity, ¢ is the electronic charge, and Np”, Ni are the
concentrations of ionized donors and acceptors, respectively. R and G are the carrier
recombination and optical generation rates (Eq. (1.5)) [40].

J =nu VE. + 1k, TM(n/ N,)Vn +%Dmhw (1.12)
Pq
J,=puVE, - k;TM(p/ N,)Vp _TDp.thVT (1.13)

In Eqgs. (1.12) and (1.13), # and p ate the free electron and free hole densities, V E.

and V E, are the gradients of the local conduction and valence band energies, T is
the lattice temperature, i, and u, are the electron and hole mobilities, and D;.w and
Dy are the thermal diffusion coefficients. The function M(a)=a/(F.12(Fi/2"(a)))
with Fi/, as the Fermi-Dirac integral. The total current, and thus its variation with
voltage, is obtained from the sum of the hole and electron current densities. The
recombination term in the current conservation equations considers Shockley-Read-
Hall, Auger, and direct recombination phenomena. Temperature independent and
temperature dependent baseline parameters are presented in Table 1.1 and section
1.2.7.

The existence of continuous density of states (DOS) in the band gap of
aSi:H/ucSi:H, with no well-defined conduction band (CB) and valence band (VB)
edges, is due to the spatial disorders in its atomic structure. The localized states in
the mobility gap of aSi:H are represented by the CB and VB tail states and the defect
states. These states strongly influence the trapping and recombination phenomena
[41]. The Utrbach tails and defect states in amorphous/microcrystalline
semiconductors have been incorporated using wxAMPS [34], and the underlying
physics and methodology are discussed in the following discussion.
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Table 1.1 Temperature independent reference case parameters used in the
simulations.

Parameter name Parameter value Unit
No. of wavelengths for EM simulation 150 -
Integrated PEC system width-y direction 1 cm
Diameter of water channel on top of PV 0.2 mm
Thickness of top aSi layer 130%* nm
Thickness of middle ucSi layer 1.86%* pum
Thickness of bottom ucSi layer 4.5% um
Thickness of top GagsilnosP layer 280* nm
Thickness of bottom GaAs layer 1.5% pm
Diameter of Anodic and Cathodic 0.2 mm
channels of EC

Thickness of GDL 400 pm
Thickness of catalyst layer 100 nm
Active specific surface area 10000 1/m
Thickness of Nafion/membrane 50.8 um
Current density of EC @1.82V 1.285 A/cm?

Anodic exchange current density of IrO,  4.62xexp(-48600/RT) A/cm?
[42]-[44]
Cathodic exchange current density of Pt 142.02Xexp(-28900/RT) A/cm’
[45], [46]

*This value is used unless otherwise specified. Here, there are two material choices for P17~ 1: a
thin film triple junction aSi-ucSi-ucSt, and 2: a I1I-1" based dual junction Gaosilne.ssP-GaAs
cell. The reference case I refers to material choice 1 and case 11 refers to material choice 2. The optical
thicknesses for these cells are examples which were not optinized.

The internal heat source term coming from ohmic losses and net recombination
losses in the semiconductor is given by [47]

Opy =J-VV +(E, +3k,T)U, (1.14)

Where U is the net recombination. Fermi-Dirac statistics and finite volume solvers
[33] are used to solve Egs. (1.9) to (1.11). The BCs for Eqgs. (1.9) to (1.11) are
depicted in Fig. 1.2(b). They describe the different ohmic contacts used for each part
of the PV. Each p-n junction is simulated separately and then the overall PV’s
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current-voltage characteristic is generated assuming series connection of these two
ot three p-n junctions. The tunnel diode connecting the two p-n junctions is not
modeled, assuming that it has negligible optical and resistive losses. This assumption
is justified by an experimental measurement (which includes all existing resistances)
of the 1 cm® InGaP/InGaAs solar cells fabricated by CESI S.p.A. Italy, using a Pasan
BV-81 AM1.5D concentration cell tester at 25 C and 500 kW/m? The measured FF
at C = 500 was 0.86 and the solar-to-electricity efficiency was 33.7%, showing that
the optimized cells exhibited minimal losses even at high concentrations.

Modeling of the amorphous/ microcrystalline thin film silicon solar cell- For aSi:H/ucSi:H, the
density of states (DOS) exists in between the bandgap region (due to its amorphous
nature), which is not the case for crystalline semiconductors, and these special DOS
needs an adaptation of the modeling.

The physics of charge transport in amorphous/microcrystalline thin film silicon
solar cells is captured by three governing equations namely: a) Poisson’s equation
(Eq. (1.9)), b) the continuity equation for free electrons (Eq. (1.10)), and ¢) the
continuity equation for free holes (Eq. (1.11)) and appropriate boundary conditions.
In Eq. (1.9), 7 and p are the free electron and free hole densities; and Np”, Ni™ are
the concentrations of ionized donors and acceptors, respectively. For
semiconductors having disorders and defects, Eq. (1.9) is updated:

V-(eVV)=—q(p—n+Ny—N,+p,—n,) (1.15)

where 7,1s the total number density of charged acceptor-like sites (or simply trapped
electron density) and ps is the total number density of charged donor-like sites (or
simply trapped hole density) in the gap states due to defects and disorders. For
materials with disorders, the entire semiconductor simulation procedure is
conducted in the same way as described previously in the section- Semiconductor
charge transport, but with this updated Poisson’s equation (i.e Eq. (1.15)).

The trapped hole/electron density can be due to discrete, banded, or continuous

defect states and p, or 7, 1s the sum of all these defects. Using the density of states
model, the number of trapped holes per volume, p, , in continuous donor-like defect

states is given by

P, =[, Go(E)/(E)dE (1.16)
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where Gp(E) is the distribution function or density of states per unit energy per unit
volume of donor like states with the energy E in the gap; and f{E) is the Fermi
function. Similarly, the trapped electron density is defined as

n, =, G(E)(E)dE (1.17)

where Ga(E) is the distribution function or density of states per unit energy per unit
volume of acceptor-like states. These donor (acceptor)-like Urbach tail states
resulting from the valence (conduction) band are modeled using exponential
functions (Eq. 1.18), and other defect states are modeled using Gaussian
distributions. [48]

E-E, E-E.

) GA (E) = GAO eXp( E

D A

Gy (E) = G exp(- ) (1.18)

Ex and Ep are the characteristic energies (these energies establish the slopes of their
respective tails). Capture-cross sections for these tails are to be specified for electron
capture and for hole capture (i.e. because these states can exchange carriers with the
valence and conduction bands). The values of Exand Ep, capture cross sections,
pre-factors Gao and Gpo (states per volume per energy) along with other modeling
parameters for aSi-ucSi-ucSi triple junction thin film solar cell are described in Table
1.2.

To reduce the complexity of the model discussed earlier, without compromising the
detailed physical treatment, the Eqgs. 1.15-1.18 are solved using wxAMPS [34] and
the recombination profile (at varying operating voltages) resulting from all these
defect states is exchanged with the main semiconductor model of the section-
Semiconductor charge transport, which treats the defect states’ recombination
profile as an additional input.

1.2.3 Electrolyser charge transport (EC) and reacting fluid flow (RFF) Charge
transport in the electrode and electrolyte (subscript £ = 1 for the ionic conductorand
s for the electronic conductor) is given by [49]:

V-3, =0, (1.19)

J,=-0V¢ and J = FY z,(-DVe, - zu, ,FeV ), (1.20)

i=1
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obeying electro-neutrality, » zc, =0. The electrochemical reaction at the electrode-

electrolyte interface is accounted for via the reaction current, z.., modeled via the
Butler-Volmer expression [49],

. . a, F -
lige g = Tg 1 (Cr €Xp(———) = C;, exp( ), (1.21)

where 7, is the total overpotential for reaction  at the electrode-electrolyte interface
given by

My =0~ —Ees (1.22)
for m = 1,2, accounting for the anodic one-step oxygen evolution reaction (OER),
2H,0 - 0,+4H " +4e” (1.23)
and cathodic one-step hydrogen evolution reaction (HER),
4H"+4e — 2H,. (1.24)

The charge conservation equations, Eqs. (1.19) and (1.20), are solved via finite
element methods and a MUMPS solver [33]. The corresponding boundary
conditions are: a positive electric potential applied to the anode side, a cathode
maintained at zero potential, and insulated sidewalls of the simulation domain. The
fluid flow and mass transport in the channels and the porous gas diffusion layers
(GDLs) are modeled by the Navier-Stokes equation (Eq. (1.25)) with Darcy
extension, [50], [51]

Ly Loy p 1, + P us vay) - 22w oy, - (e Doy p
g, &, g, 3 g, K, &

(1.25)

where &, is porosity (refer to list of symbols for nomenclature) and species transport

(Eq. (1.20)) is modeled by the Maxwell-Stefan diffusion model [52] for a low-density
fluid mixture, with the diffusivities replaced by the binary diffusivities for the existing
species paifs,
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PL(@) V)0 ==V 4R, (1.26

where w;is the mass fraction and j;is the mass flux vector relative to the mass average
velocity vector u given by [53]

vT
ji :_pa)izDikdk _Dir?' (1'27)
k

R; is the rate expression describing production or consumption, D;" are the thermal
diffusion coefficients, dg is the diffusional driving force acting on species £, and Di
are the multicomponent Fick diffusivities. Argon is incorporated as the sweeping gas
for both anodic and cathodic chambers. The binary diffusivities and effective
thermal conductivity, density, and specific heat capacities in each chamber vary with
temperature as detailed in section 1.2.7.

The species transport equation, Eq. (1.26), is solved using a MUMPS solver [33] via
finite element methods. BCs for Eq. (1,26) are depicted in Fig. 1.3(a), describing the
inlet and outlet conditions of the different channels. The water at the output of the
water channel is fed to the anodic channel at its inlet with normal velocity, 2acer.

1.2.4 Heat Transfer (HT) The steady-state energy conservation equation |54,
pCu-VT =V -k, VT)+Q, (1.28)

is solved in order to calculate the temperature field in the PEC device. Finite element
methods and a PARDISO solver [33] are used for its solution. On=0m+ Qv+ Orc
describes the heat source for the integrated PEC which includes the heat from
electromagnetic heating (Egs. (1.6)-(1.8)), semiconductor transport (Eq. (1.14)), and
solid/liquid-phase chatge transport and electrochemical reactions [49], Eq. (1.29):

oE, .
Oue=—J, VP —J Vo +(J - -E +T 8Tq )iy - (1.29)

The velocity vector, u, is zero for the solid components. The SC (section 1.2.2) and
EC (section 1.2.3) simulations do not explicitly solve for energy conservation but are
based on charge and current conservation. This results in the appearance of two heat
loss terms, Opv_ose and Qrc_ios, Which are defined as Qi 1ose = Piaputi — Oi — Pougpuri, fOr 1
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= PV, EC. The total heat source in the integrated device domain is defined as
Ot Ovvt Qi Opv_iose and Orc iox ate not considered in the heat source term.

a)
No slip wall

Laminar inflow
with —»1

—> Vwater

Water channel | < Outiet with
utlet wi

avg. VeIOClty T~No slip wall ~_| No flux

Cathodic channel  j<— Zero exit
______________________ _ pressure
GDL
No flux, —
No slip wall Nafion No flux,
Vyvater GDL No slip wall
Laminar _J[ =~ Anodic channel __j=— Outlet with
inflow with ? zero exit
; pressure
avg. velocity No flux, No slip wall
b)
Heat flux (natrual convection)
Tinput -7 Wgte? &m?mzl_ T —>Twalcr
PV
| _ _ _ Cathodicchannel
GDL
Thermal—»
insulation Nafion <Thermal
GDL insulation
Twutcr - A_n()_dlz (?ha_nﬁel_ T

Thermal insulation

Fig. 1.3 Schematic (xy-plane) (not to scale) showing boundary conditions for (a)
fluid flow simulations (both reactive and non-reactive) , and (b) energy conservation
(HT) simulations.

For porous media (e.g. GDL), the thermal conductivity, 4w, is replaced by an
effective conductivity, A, accounting for a volume-averaged electrolyte-solid
conductivity. The BCs for energy conservation are depicted in Fig. 1.3(b), and
consist of thermal insulation on the sidewalls and back side of the simulation
domain, and heat flux (natural convection) on the top side. For the PEC device
simulation, the concentrator is modeled by a thermal resistance approach [54]. Thus,
an effective heat transfer coefficient is used which equals Aet=(1/ heoctrLconc/ £eonc) '

23 | Page



1: Two Dimensional Non-Isothermal Multi-physics Modeling

with Leone representing the mean photon flux length in the concentrator. The
temperature-dependent heat transfer coefficient for natural convection at the top of
the water channel is calculated using Aeoerr = Nu*&(Thim) /0 where Nu is the Nusselt
number [55], & is the temperature-dependent thermal conductivity of the air, and d
is the characteristic length.

1.2.5 Meshing strategy and computational expense Different meshing strategies
are adopted for different physical simulation modules in order to minimize the overall
solution time of the coupled multi-physics problem and assure mesh independence of
the solution. The most restrictive requirement came from the EM simulations (Eq.
(1.3)), as minimum element size in the direction of incident radiation had to be at least
1/5 (or 1/10) of the incoming wavelength for second order elements (or first-order
elements). Additionally, this minimum element size was adjusted by a factor of 1/
accounting for the change in the refractive index as light travels from one material to
another. A variable meshing approach was used for different wavelengths to minimize
the computational time. The solution of the other transport and conservation
equations, Egs. (1.9)-(1.11), (1.19)-(1.22), and (1.28), were similatly optimized in order
to allow for mesh convergence and to minimize the computational expense. A
distributed mesh with arithmetic sequenced symmetric distribution and with an element
ratio of 9 was used in the direction perpendicular to the flow in order to resolve the
boundary layer for fluid flow, mass transport, and heat transfer calculations. A dense
meshing approach in the catalyst layer of EC and around the junction interfaces in the
PV was utilized. The mesh size was increased in the other domains for the solution of
Egs. (1.9)-(1.22) in order to reduce computational time.

A workstation with 128 GB RAM and 12 cores was used to solve the coupled
equations. Approximately 15 hours were required (with 150 wavelength bands of ~7
nm and ~41 nm in the above bandgap energy and below bandgap energy spectrum,
respectively) to find a converged solution for reference case I (see the following
section). Typically, 3 global (blue loop in Fig. 1.4), 3 local (dark red loop in Fig. 1.4),
and 20 internal (dotted box in Fig. 1.4) iterations were needed to achieve final
convergence. The number of global and local iterations increased with increasing
irradiation concentration and with decreasing water mass flow rate, as these parameters
significantly influenced the device temperature profile.

1.2.6 Simulation flow Fig. 1.4 is a simulation flow diagram of the coupled model
containing six physical modules: EM, HT, FF, RFF, EC, and SC. The flow depicts the
simulation flow for the PEC device without the concentrator and takes as input the
irradiation spectrum from any concentrator simulation.
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The EM simulation is performed for the given temperature field, starting with a
constant initial temperature profile (Tinie = 293 K). The resulting heat dissipation
density is input to the heat transfer (HT) simulation module. The fluid flow (FF)
module provides the velocity of the water (flowing in the cooling water channel) to
the reacting fluid flow (RFF) module and the heat transfer (HT) module. The HT
module provides the temperature input to all the other modules. The EC module -
being fed by water mass fraction from the RFF module and temperature from the
HT module - provides Orc to HT and 4. to RFF. In parallel, the semiconductor
device simulation is performed starting with T (using the input of the
defect/disorder recombination profile, Recy from AMPS). The resulting surface
averaged current densities and electric potential from the semiconductor and
electrolyzer charge transfer equations are input to the operating point calculation
module, which calculates the operating current and voltage decided by the
intersection of the PV and EC J-1” curves. If the PV temperature distribution, Tt (r),
at the operating point is not equal to the initial temperature profile of the
semiconductor simulation module (Timi(t)), a new To(r) is provided to the
corresponding modules (similar for Try(r)) and the loop is repeated. This process is
iteratively repeated until the temperature converges (Topoia(t) - Topnew(t) < &x) where
& 1s the tolerable error in temperature, which equals 0.1K in accordance with Eq.

(1.30).

The AM 1.5G solar irradiation spectrum was adapted to contain 150 wavelengths
(AL = 7-41 nm) between 280 nm — 2500 nm in order to reduce the number of
wavelengths simulated but to still capture the spectral variations in the visible and
infrared parts of the spectrum. The change in the absorbable spectrum with
temperature requires the choice of an adaptive wavelength spectrum for each global
iteration step. The minimum wavelength difference for a temperature change from
T to T, is given by

he  he a0 (1.30)

2 2 min
ol E,(0)- al,
L+p L+p

E,(0)—-
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Initialization Tgm = Tinic Irradiation spectrum and intensity
from concentrator
Adapt spectrum

EM simulation (EM) Fluid flow Reacting fluid\ ( 1 \
Feni=Top Water + Semif:onductor simulation (FF) flow wH,0
domain Water channel simulation (RFF) s
A A Electrolyser

domain+ Anodic | fec | Electrolyser

channel+ Cathodic | \ domain )

channel )

T
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T ua’“c T
Y Y
Oem Heat transfer simulation (HT)
Water domain + Semiconductor domain + Electrolyser
: domain+ Anodic channel+ Cathodic channel 0
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®  value Semiconductor device (SC)
G simulation Y /
L >\ Semiconductor domain Operating point (OP)
calculation
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Tem - Top <& <
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* Converged

Fig. 1.4 Simulation flow of the integrated PEC system. Arrows show interaction
among the subroutines solving for multiple physics and corresponding conservation
and transport equations. The interaction with AMPS is only for the cases involving
aSi/ucSi based PV.

1.2.7 Reference case The ASTM G173-03 Global tilt Reference Spectra Derived
from SMARTS v. 2.9.2, referred to as AM1.5G hereafter, is used. It contains ~2000
wavelengths and has the integrated intensity of 1003 W/m?. In order to capture the
same intensity at a reduced number of input wavelengths (which in turn reduces the
computation time), the spectrum is adapted to contain 150 wavelength bands. The
intensity of each band’s wavelength has been increased by a factor such that the total
intensity under the modified spectrum is still 1003 W/m?
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For the analysis presented in the main script (except section 1.3.5), the input to the
PV is assumed to be coming from a concentrator having 100% optical efficiency
with AM1.5G. This is done to have a general understanding of effects of the
AMT1.5G spectrum rather than being limited to a spectrum coming from a particular
concentrator.

The temperature dependent baseline parameters used in the simulations are
p ‘ p p
presented herewith. The bandgap (E,) of GagsilnosP [56] varies with temperature as

E, =-0.2722x% +1.1925x, +1.3399 - 0.00066(T —293) [eV], (1.31)

where x; [57] is 0.51 for GagsilnesP, and E, of GaAs is given as [58]

541x107°*7?
E =1519-—"—"—""— " [eV], 1.32
¢ T +204 (V] (152

with effective density of states varying as (T/300)**Nyor (T/300)**Ne. The various
recombination constants for GagsilnooP depend on E, which, in turn, depend on
temperature. These constants and their variations have been adopted form Haas et
al. [57]. The recombination constants and related parameters for GaAs have been
incorporated from [59], [60]. E,of all aSi or ucSi based photoabsorber varies as [58]

42
E-E _4.73><10 T

133
T T (1.33)

where E, is the mobility band gap presented in Table 1.2. The standard equilibrium
potential for water electrolysis varies with temperature as [01]

E, =1229-0.9x107 (T -298)[V], (1.34)

The model incorporates electrical conductivity of Nafion [27], [62] as 22.73Xexp(-
2000/RT) [S/m], anodic exchange current density of IrO, [42]—[44] as 4.62Xexp(-
48600/RT) [A/cm?, and cathodic exchange current density of Pt [45], [46] as
142.02xexp(-28900/RT) [A/cm?]. Thermal conductivity, specific heat capacity at
constant pressure and volume, density of H,O, Ha, O,, Ar at varying temperature
are interpolated from [63], and temperature dependent electrical and thermal
conductivity of Pt are used from [64].
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The spectrally-resolved complex refractive index (#frtikeer) of GaosilnosP, GaAs,
water, and aSi/ucSi photoabsorber materials is shown in Fig. 1.5. The data for
Gags11no4oP is from Schubert et al. [36], data of water and GaAs from Palik [37]; and
data of aSi/ucSi from Collins et al. [38]. The parameters for the electrolyzer
validation curves presented in Fig. 1.6(b) are given in Table 1.3.

5.5 110
] 1
5.0 3
] 101
4.5 0.01
4.0- { 1E-3
_ 35 B4
o b - —
< 3.0- §IES
] 1E-6
2.5-. 117
2.0 { 1E-8
1.5+ y 1E-9
L r . . — — 1E-10
200 400 600 800 1000 2000
Wavelength (nm)

Fig. 1.5 The plot showing real (7.;) and imaginary (k. patts of refractive index for
water, GaosilnosP, GaAs, aSi and ucSi photoabsorber materials. The green lined
curves (7.r values), correspond to the left y-axis and black lined curves (k. values),
correspond to right y-axis.
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Table 1.3 Parameters utilized for the electrolyzer validation shown in Fig. 1.6(b).

Parameter name Green Black Unit

curve in cutrve in
Fig. 1.0(b)  Fig. 1.6(b)

Thickness of Anodic & Cathodic 0.2 0.2 mm
channels of EC

Thickness of GDL 400 400 pm
Thickness of catalyst layer 40 30 nm
Thickness of Nafion/membrane 125.8 50.8 um
Anodic exchange current density 6.4351-10°  2.99-10° A/m’
Cathodic exchange current density 30.25 75.436 A/m?
GDL conductivity 111 222 S/m
Catalyst porosity 0.2 0.3 -
GDL porosity 0.5 0.4 -

Cell temperature 323.15 353.15 K
Mean flow velocity at anodic inlet 0.06 0.2 m/s
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Results and discussion

1.3.1 Reference Case and Validation Two reference cases are defined: reference
case I with aSi-ucSi-ucSi and p-n-cathodic-anodic configuration, and reference case
I with GagsilnewP-GaAs and n-p-anodic-cathodic configuration. The dimensions
and component characteristics used for the reference case, with aSi-ucSi-ucSi thin
film triple junction (Ioc ~ 2.1V, [~ 47 A/m? FF ~ 64%) or GagsilnooP-GaAs dual
junction (Ioc ~ 2.35V, J«~ 100 A/m’, FF ~ 93%) example solar cells, are given in
Table 1.1.

The detailed modeling parameters for the aSi-ucSi-ucSi thin film cell and
temperature dependent baseline parameters used in the simulations are given in
Tables 1.2 and section 1.2.7, respectively. The operating normal mean flow velocity
of water in the top cooling channel is 0.2 m/s for both reference cases. The choice
of material for these two reference cases was motivated by the techno-economic
analysis presented in |[21] which highlights that both choices have the potential to
achieve low-cost production of hydrogen. The I factor, defined as Arc/Apv [21], is
chosen to be 1 in this study. This choice is not optimal from a performance and cost
point of view [21] but represents a closely integrated device. The solar to hydrogen
efficiency (STH) is calculated using

JOP 'qu
= = 1.35
US C'Iin 5 ( )

assuming Faradaic efficiencies of 1 and negligible product crossover with ', equal
to 1.23 V (equilibrium potential at neutral pH, T'= 298 K, and atmospheric pressure).

Non-integrated, externally wired concentrated PV and electrolysis devices have
experimentally demonstrated efficiencies in the range of 17 to 24% [67|—[69]. Due
to the lack of CIPEC device demonstration, the PV and EC components are
separately validated. The experimental validation for PV and EC components is
presented in Fig. 1.6(2) and (b), respectively. The modeling parameters and operating
conditions were chosen to be similar to those presented in other studies [61], [70]—
[72]. In order to validate the mass transport effects in the EC, a comparison was
made with fuel cell (FC) data available from Kim et al. [72] assuming the electrolysis
to be a perfectly reversible process of FC. The voltage scale was then adapted using
Vaew = (Eeq- Vesp) T Eeq, Wwhere [V 1s the experimentally measured voltage, ey 1s
the adapted voltage, and E.q is the equilibrium voltage of 1.208 at 353 K, Eq. 1.34.
This was due to limited availability of experimental data for current saturation and
mass transport effects in PEM electrolyzers. The materials and dimensional
parameters used in the EC simulations are detailed in Table 1.3.
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The simulated and experimental characteristic curves were in good agreement, i.e.
maximal differences in the current of the ECs of 8.6% at a voltage of 1.78 V for the
black curve and 12% at a voltage of 1.64 V for the green curve were observed. The
FF of PV for the simulated case was 91% compared to the 75% for the experimental
case. It should be noted that the PV model didn’t take into account the contact
resistance (instead an ohmic contact is assumed) and the anti-reflection coating used
in Lueck et al. [70], explaining the observed fill factor difference between simulated
and experimental curves. This is within the physical feasibility limits, as the maximal
FF for a IV, of 2.35 V is approximately 0.94 as reported by Green [73].

a) b)
15000 T T
s T simulation
o vom --=>¢--- simulation L]
,qg ----------- nn"“““"“"'"‘“wi;:'"’—;& € o— FC experimental .
= 100/ o % 2 10000 With Vi =BV )E, f
; & ;5( :; o EC experimental
é ----- C= 1 simulation );; % s
e 504 ©  C=1 experiment L] i e 5000
3 i S
0 T . 0 T p T T T
0 1 2 1.0 12 14 1.6 1.8 20 22
Voltage (V) Voltage (V)

Fig. 1.6 Simulated (crosses) and measured (rectangles) characteristic J-I” curves for
(a) the GagsilnoswP-GaAs dual junction solar cell at C = 1, and (b) the electrolyzer
with Pt/1rO; at 80°C (black), ot the fuel cell with Pt-Pt at 50°C (green) with adapted
voltage scale as per Voew = (Beq- V)t Eeq. The experimental data in (a) is taken

from Lueck et al. [70] and in (b) from Carmo et al. [61], [71] (black) and Kim et al.
[72] (green).

1.3.2 Irradiation Concentration Analysis The characteristic J-1” curves (see Fig.
1.7) for both reference cases show that the STH efficiency, 7sru, decreases with
increasing irradiation concentration. J increases linearly with C. /. is influenced by
the combined effect of increasing temperature and increasing J., resulting in its
logarithmic increase with increasing C. FF of the Si based PV (~64%) is significantly
lower than that of the III-V based PV (~93%) at C = 1. The fill factor for both cases
decreases (~4% for reference case I, ~1% for reference case I1I) when increasing C

from 1 to 1000. J., and hence M y, (signifying the rate of hydrogen production in

g/min/m’ and calculated by Faraday’s law of electrolysis), increases with increasing
C, but at a decreasing rate for larger C. PV and EC average temperatures (i.e. Tpy
and Trc) increase with C, and consequently the activation overpotentials for the EC
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decrease with C. These trends for 7sru, Tev, and Trc are shown in Figs. 1.7(c)-(d) for
Siand III-V PV based devices.
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Fig. 1.7 Characteristic J-1” curves for (a) the thin film triple junction aSi-ucSi-ucS;,
and (b) the Gagsilngo9P-GaAs dual junction based integrated PEC device, for varying
irradiation concentration. The temperature of the PV is averaged over the PV
volume. The EC J-1” curves have the same color as the corresponding PV curves
but are overlapping due to their limited sensitivity to C. The water mean flow velocity
is 0.2 m/s. The vatious heat source contributions for (c) the thin film triple junction
aSi-ucSi-ucSi, and (d) the GagsilngsP-GaAs dual junction based device, for varying
irradiation concentration and varying mean flow velocity. The STH efficiency
decreases and PV/EC temperature increases with increasing C for both cases.
Rectangles describe the EC temperature, circles the PV temperature.

The optimal irradiation concentration for the III-V material based case is around
Cope = 180. Higher concentrations lead to current saturation in the EC and a further
increase in C doesn’t benefit J.,. For the Si case, the optimal concentration is around
Cope = 707. For both reference cases, the STH efficiency decreases when increasing
C from 1 to Cyp. For the I11-V based PV cell this decrease is 0.3% while for the Si
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based PV cell this decrease is ~38%. This behavior is due to the relatively low FF of
the Si based case. Generally, for devices using low FF PVs, PV and EC are limiting
for operation under high irradiation concentration. For devices using large FF PVs,
the EC’s saturation current is the limiting factor.

The heat source contribution (= Oi/E0,= O/ Pupur) for vatious sources including:
absorption losses in the water channel (Qy), EM resistive and magnetic losses (Or+w),
thermalization losses (Ori), PV ohmic losses (Qonm), PV recombination losses (Qrec),
EC ohmic losses in electrolyte (Qonm 1) and electrodes (Qonm_s), and EC kinetic losses
(Qkineiic), are plotted in Figs. 1.7(c) and (d) for Si and III-V based cases respectively.
QOhunabsorbeds Opv_osi, and Orc_ose are closing the energy balance. The total heat source in
the integrated domain comes from ey (B + Frev + ), Frc (Fonma + Fobms +
Fineic) and v (Fobm + o). For the Si based device, the #py and Frc increases with
increasing C while #py decreases. For I11-V material based device, the same trend is
followed for fev and ey, but frc initially increases up to € = 265 and then
decreases. This ¢ trend is the result of the G, being 180 for the IT1-V based case,
because after C = 180 the operating current is not increasing, resulting in a smaller
relative contribution of Qrc. The Friy is higher for reference case 11 because of the
refractive index of the materials used which have significant absorption below the
bandgap wavelength.

The sum of Orv + Opv + Orc is higher (1.5-2 times) for the III-V based case than
the Si one for the choice of design parameters presented in Table 1.1. Despite this,
the Tpv and Trc were observed to be less than or comparable to reference case L
This implies that the n-p-anodic-cathodic configuration, used in reference case 11,
provides better cooling. This results from the direct feed of the water from the
cooling channel above the n-side of the PV to the anodic channel lying between the
p-side of the PV and the EC’s anode, making the location central within the major
heat sources in the device, resulting in better heat removal. Figs. 1.7(c)-(d) also
present /% for a lower mean flow velocity (0.03 m/s), implying that lower mass flow
rates are less effective in heat removal, leading to higher device temperatures. The
parasitic absorption in the top water channel is found to be minimal (see Figs. 1.7(c)-
(d)) and is in accordance with the findings reported by Ddscher et al. [74] for a water
channels of thickness of 0.2 mm with overpotentials in the range observed in our
device.

1.3.3 Sensitivity analysis with material and dimensional parameters The
characteristic operating curves for EC and PV for reference case I, for the variation
of parameters including exchange current density, membrane thickness, as well as
catalyst and GDL thicknesses, are presented in Fig. 1.8. Only one parameter is varied
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at a time, holding all others at the reference case values. The intersection of the EC
and PV curves represent the operating point of the integrated PEC device.

Table 1.4 STH efficiency and operating current density (of reference case I) for
parametric studies shown in Fig. 1.8 at C' = 450.

Parameter name STH Percentage ~ Operating
efficiency changein  current
Nsr 170 Moy from a  density

tocoratod [KA/m’]

Exchange current density +9.7 %

multiplier

a. 1 4.12 15.09

b. 5 4.29 15.68

c. 50 4.48 16.38

d. 1000 4.52 16.53

Membrane thickness [um|] -28 %

a. 30 4.38 16.02

b. 50.8 4.13 15.09

c. 80 3.15 11.53

Catalyst thickness [nm|] +4 %

a. 50 4.04 14.79

b. 100 4.13 15.09

c. 150 4.18 15.23

d. 200 4.21 15.40

GDL thickness [um] -4 %

a. 300 4.16 15.21

b. 400 4.13 15.09

c. 800 3.99 14.57

The operating current density and the STH efficiency, shown in Table 1.4, increases
with increasing exchange current density and catalyst thickness (leading to improved
EC kinetics), Figs. 1.8(a)-(c). STH efficiency decreases with increasing membrane
and GDL thickness as visible in Figs. 1.8(b)-(d). Increasing the membrane thickness
results in increased mass transport limitations in the EC. The coupled model allows
a temperature maintenance in the range of ~300 K for all parameter variations, even
at C = 450. A water inlet mean flow velocity of 0.2 m/s was found be sufficient in
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effectively maintaining the device temperature at ~300 K, signifying the importance
of thermal management, which is solely possible due to the integrated nature of the
device.
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Fig. 1.8 Characteristic curves for EC and PV showing operating points for changing:
(a) exchange current density multiplier, (b) Nafion membrane thickness, (c) catalyst
layer thickness, and (d) GDL thickness at an irradiation concentration of 450 for
reference case I, i.e. the thin film Si based PEC device.

1.3.4 Two-dimensional results The 2D modeling for the various physics involved
allowed for the generation of an in-depth knowledge of the spatial variation of
various physical parameters in the device. This 2D treatment is important because
various physical phenomena have orthogonal main directions to one another, for
example: the fluid flow’s main direction is along the y-axis, perpendicular to the main
direction of the charge transport, and absorption in the PV occurs along the x-
direction.

A typical temperature distribution in the EC of the integrated PEC is shown in Figs.
1.9(a)-(b). The EC consists of the anodic and cathodic GDLs, catalyst layers, and
Nafion membrane (in middle). The cathodic side operates at a higher temperature
than the anodic side. The temperature increases along the positive y-direction, the
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direction of the fluid flow. This results from the heating of the fluid once it enters
the channel and moves towards the positive j-direction. The cathodic side shows
higher temperatures because it hosts a positive heat source, Qcprrcae = 2.93:107
W/m’, while the anodic side is at lower temperatures as it hosts a negative heat
source, Ocpitaa = -7.50:10° W/m’, both for C = 1000 and mean flow velocity of
0.2 m/s. The same trend at absolute increased temperatures is observed for lower
water flow velocities, as depicted in Fig. 1.9(b).
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Fig. 1.9 Typical EC temperature profiles for C = 1000 and mean flow velocity of (a)
0.2m/s, and (b) 0.03 m/s. The contour plots show the evolution of (c) the H, mass
fraction in the cathodic GDL and channel, and (d) the H O mass fraction in the
anodic GDL and channel, both for €' = 1000 and mean flow velocity of 0.03 m/s.
The GDL layers are 400 um thick with the catalyst layers 100 nm, the Nafion
membrane 50.8 um and the channels having thicknesses of 200 um. The inlet
corresponds to y position of 0 nm (left) and the outlet is at the position of y =1 cm

(right).

The H, mass fraction (wHac) in the cathodic GDL and channel assembly increases
homogenously in the direction of sweep gas flow because the generated H, gas has
better diffusivity and is swept in the flow direction. The input water diffuses through
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the anodic GDL to the catalytic site where it is oxidized. This results in a decrease
of H,O mass fraction (wH>O) in the anodic GDL and also in the channel in the
direction of water flow as shown in Fig. 1.9(d). The ionic flux given by the Nernst-
Plank equation decreases in the Nafion membrane from the inlet to outlet, forcing
the electrolyte current density to follow the same trend, shown in Fig. 1.10(a). The
local current density, given by the concentration-dependent Butler-Volmer equation,
is governed by the concentration of H,O at the anodic side and H" ion on the
cathodic side, giving rise to the current density profiles shown in Figs. 1.10(c)-(d).

The 2D modeling enables knowledge of the full distribution profile of various
physical parameters, which in turn helps in identifying the local maxima and minima.
This is beneficial from the perspective of identifying and removing hot spots in the
device which may lead to thermal stress and generally affect performance and
operational uniformity. The 2D profile of wH>O shows that the channel length is
optimized for the given conditions. Longer channels do not benefit the operation,
as the H,O is fully consumed towards the end of the channel.

a)

z position (nm)

2 position (nm)

4 6 ' : 4 6
y position (nm) x10° y position (nm)

Fig. 1.10 Contour plots showing current density distributions in (a) the electrolyte
domain of the electrochemical cell, (b) the anodic catalyst domain, and (c) the
cathodic catalyst domain, for € = 1000 and mean flow velocity of 0.03 m/s.
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Hence, only a simultaneous and corresponding increase of both the channel length
and the mean flow velocity would provide additional benefit to the performance.

As illustrated, the correct realization of complex geometries for electromagnetic
propagation can only be done with 2D and 3D treatment. 2D modeling provides
locally resolved information which is necessary for complete design guidance and
optimization of PEC devices.

1.3.5 IPEC with self-tracking concentrator For the case when the self-tracking
concentrator, see Fig. 1.11, is also integrated with the rest of the IPEC device, the
AMT1.5G spectrum is incident on to the lens array of the concentrator assembly. The
lens array focusses light through the glass waveguide on the dichroic prism layer
which splits the incoming spectrum into the low wavelength part and high
wavelength part. The high wavelength part goes to the actuator (hereafter called
actuator spectrum) and the low wavelength split part is reflected inside the glass
waveguide at angles such that these wavelengths get trapped inside the waveguide
due to total internal reflection occurring at the top air-glass interface. The light
travels towards the PV ie. x-direction (assuming the opposite side of the glass
waveguide is covered with highly reflecting material). These various spectra for the
case with self-tracking concentrator are shown in Fig. 1.12(a), and they show the
various losses occurring in the concentrator assembly. Consequently, the green
spectrum is the input for the PV when the self-tracking concentrator is used, as
opposed to the blue AM1.5G spectrum for a traditional mirror-based concentrator,
implying the total optical losses in the self-tracking concentrator amounts to around
29% of the incoming radiation.

The actuator consists of the steel casing with cylindrical holes filled with a phase
change material (PCM), which in our design is a paraffin wax with a melting point
of ~37.6 °C. It absorbs the infra-red part of the incident spectrum being split by the
dichroic prism layer and in turn, the PCM expands vertically so that the other split
part i.e. the visible spectrum is reflected in such a way that it gets trapped inside the
waveguide and is effectively provided to the PV. The actuating action of the actuator
of the self-tracking solar concentrator has been modeled using EM and HT physics.
The results of ray-tracing modeling for the lens array and glass waveguide has been
taken from [32] and the spectrum coming to the top of a paraffin wax cylinder is the
input for our EM model, based on which the heat sources were calculated and the
corresponding temperature profile in the wax cylinder was obtained which ultimately
provided the wax’s thermal expansion, Fig. 1.12(b).

40 | Page



1: Two Dimensional Non-Isothermal Multi-physics Modeling

= o
“Losses

PV

5 , , Actuator

[UUBYO 12)EM

— = Water flow direction
—> = Light flux direction

Fig. 1.11 3D schematic (not to scale) of the IPEC device including self-tracking
concentrator depicting the incoming irradiation, the light trapping glass waveguide,
the dichroic prism layer, the actuator (steel casing with paraffin wax cylinders), the
cooling and preheating water channel, the solar cell (violet colors), and the integrated
electrolyzer consisting of anodic and cathodic channels, gas diffusion layers (GDL),
catalyst layers, and polymeric electrolyte (Nafion).

It has been confirmed experimentally [32] that 30-50 pm vertical expansion of wax
cylinder is sufficient to cause proper actuation such that the low wavelength
spectrum gets trapped inside glass waveguide. The required displacement of ~50 um
is achieved at 314 K, as shown in Fig. 1.12(b), which is around the melting point of
the paraffin wax used. However, HT simulation concluded that only 10% of the heat
absorbed in the wax cylinder is needed to heat it to 314 K, implying that the
remaining 90% of the heat can be utilized in preheating water by putting channels
beneath the actuator. Additionally, the total optical losses in the self-tracking
concentrator amount to around 29% of the incoming radiation, see Fig. 1.12(a). Due
to these losses the operating current density of the device for the case with self-
tracking concentrator was much lower than the ideal case where the whole AM1.5G
spectrum was incident on the PV without the spectral splitting by dichroic prism
layer.
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Fig. 1.12 Figure showing (a) input power spectrum (with AM1.5G), PV and actuator
power spectrum in the case with self-tracking concentrator. (b) Wax expansion for
a wax cylinder of 510 pm diameter and 500 pm height, at a temperature of ~314 K.
The color legend in (b) shows the displacement of wax.
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Conclusion

In this chapter, a coupled 2D multi-physics model and solution methodology has
been developed to simulate the performance of integrated photoelectrochemical
devices using concentrated solar irradiation. The model couples electromagnetic
wave propagation, semiconductor charge generation and transport, heat transfer,
fluid flow, mass transport, electrolyte and electrode charge transport, and
electrochemical reactions. Finite element and finite volume methods were used to
solve the governing equations and the corresponding boundary conditions. Complex
temperature dependencies were included in the model. The absorbable spectrum
changes with temperature and therefore requires an adaptive spectrum, changing for
each iteration step, giving rise to a trade-off between precision and computation
time. The various heat source/sink terms’ calculations were treated in detail to
ensure accurate energy calculations and to allow for subsequent effective thermal
management. The model and its simulation flow were fully automatized. Efficient
computational power saving techniques have been rigorously employed, making our
model detailed yet computationally economic.

Two reference cases were defined, utilizing different photovoltaic (PV) components:
7) a triple junction thin film aSi-ucSi-ucSi cell, and 7) a dual junction I1I-V based
Gags11no40P-GaAs cell. These cells showed a decreasing trend in STH efficiency with
increasing irradiation concentration. The low FF of the aSi-ucSi-ucSi cell resulted in
a PEC device performance limited by both the electrocatalysts (i.e. the integrated
electrolyzer) and the photoabsorbers (i.e. the PV). The high FF GagsilnosP-GaAs
cell, on the other hand, was limited only by the electrolyzer’s saturation current.

In order to maximize the produced amounts of H,, using high irradiation
concentrations is recommended. Large concentrations additionally benefit the
economic competitiveness of the device [21]. However, due to the limiting saturation
current of the electrolyzer and the relatively small FF of PV, there exists an optimal
irradiation concentration. Larger concentrations (for device configurations with
equal EC and PV areas) do not increase performance. The water channel on top of
the PV can effectively cool the device if a large enough mass flow rate is chosen. For
example, the device could be maintained at around 300 K for C = 450. The optimal
mean flow velocity of water was found to be 0.2 m/s (or 40 g/s/m) for all irradiation
concentrations. Large water mass flow rates provide a greater benefit in terms of
cooling capability compared to smaller rates, and additionally provide more reactant
to the electrodes, alleviating mass transport limitations.

Jop increases with increasing exchange current density, i.e. catalyst activity, at a
particular C. A similar trend is observed for the STH efficiency. Changes in the

43 | Page



1: Two Dimensional Non-Isothermal Multi-physics Modeling

exchange current density show minimal changes in device temperature due to
optimized thermal management. The dimensional properties such as membrane
thickness lead to significant changes in the operating points, highlighting the
importance of the membrane for thermal management in the integrated device. With
increasing membrane thickness, the mass transport limitations are instigated earlier,
resulting in reduced saturation currents. Despite large operating point variations,
temperature variations are small (a few Kelvin only), as the water mass flow rate
ensures proper device cooling. In spite of significant increases of heat sources, these
minimal temperature variations attest to functional and efficient device thermal
management. STH efficiency and H, production increase with increasing catalyst
thickness, in contrast to the decreasing efficiency with increasing GDL thickness
resulting from increased electronic and diffusional resistance.

To the best of the knowledge, the model developed in this analysis is the most
detailed yet computationally economic model reported up to this point. The model
allows for the investigation of any complex device design and geometry, and its
simulation in fine physical detail. The model shows to be a valuable tool for the
design of integrated PEC cells working with concentrated irradiation at elevated
temperatures and illustrates that smart thermal management can assist in achieving
efficient and low-cost production of solar fuel at large volumes. Thermal hot spots
in a device operating at high irradiation concentration can be reduced utilizing
calculated, spatially resolved temperature profiles, reducing the thermal and
operational stress on photoabsorbers or catalysts, and potentially slowing their
degradation rate. A more detailed analysis and the quantitative/qualitative benefits
of smart thermal management for the integrated design of IPECs are detailed in
follow-up studies [75] or chapter 2.
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Thermal Management a Crucial

Design Consideration?

Introduction

Today more than 95% of global hydrogen production is based on steam reforming
of fossil fuels [5]. A promising sustainable approach to hydrogen production is solar
driven, using integrated photoelectrochemical (IPEC) pathways. An IPEC device is
defined as a device in which a (area-matched for particular design discussed in this
chapter) photoabsorber and electrocatalyst are in direct contact. An integrated
photoelectrochemical device design was proposed in chapter 1 and is detailed in Fig.
2.1. The design incorporates an electronic conductor for the transfer of charge
carriers from the photoabsorber to the reaction site — as contrasted with devices
designed with an ionic conductor - in order to reduce the overpotentials and to
benefit from larger conductivities [76]. The issue for the economic competitiveness
of PEC devices concerning the use of rare and expensive device component has
been addressed through concentrating the solar irradiation.

Two examples of experimental investigation of non-integrated PEC devices using
concentrated irradiation demonstrate that very interesting efficiencies can be
achieved [08], [77]. However, irradiation concentration leads to driving current
densities which are approximately proportional to the concentration factor, thus
inducing larger overpotentials and possible mass transport limitations [25]. Optical
concentration generally increases the device temperature and consequently enhances
the kinetics and the ionic transport in the solid electrolyte (however, its conductivity
drops at temperatures > 120°C due to membrane dry-out [22], [27]), while reducing
the performance of the photoabsorbers [26]. A (concentrated) integrated
photoelectrochemical device allows heat transfer between the components:

2 The material from this chapter has been published in Journal of Electrochemical Society under the
reference ‘S. Tembhurne and S. Haussener, |. Electrochem. Soc., 2016, 163, 999-1007".
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transferring heat from components whose performance suffers from high
temperature operation to components whose performance benefits from high
temperature operation. Therefore, the overall performance of concentrated
integrated photoelectrochemical (CIPEC) devices can potentially gain from smart
thermal management, which is not possible in a non-integrated system. Thermal
management is a rationale for CIPEC designs. Through dedicated modeling efforts,
the aim is to support the development of thermal management strategies together
with design and operational guidelines in order to maximize hydrogen production,
energetic efficiencies, device durability, and to minimize device size and cost.

Several PEC modeling efforts have focused on 1-dimensional isothermal
investigations [28]|—[30]. In Haussener et al. [22], an isothermal model was used to
predict the temperature-dependent performance behavior of PEC devices. None of
the efforts were directed towards consideration of thermal management as a crucial
design parameter. To incorporate this parameter, a fully automated coupled 2D
multi-physics non-isothermal model was developed which uses finite element and
finite volume methods to predict the performance of the concentrated integrated
PEC device |78] which was discussed in chapter 1. The model has been validated
[78] and accounts for: charge generation and transport in the triple/dual junction
solar cell and the components of the integrated electrochemical system (polymeric
electrolyte and solid electrode), electrochemical reaction at the catalytic sites, fluid
flow and species transport in the channels delivering the reactant (water) and
removing the products (hydrogen and oxygen), and radiation absorption and heat
transfer in all components. Here, this model is used to quantify the gain in the
performance of a CIPEC device, incorporating heat transfer between the different
components and thermal management to actively steer the heat transfer process.
Parametric analysis for various operational parameters (irradiation concentration,
reactant flow rate), material parameters (exchange current density, active specific
surface area), dimensional parameters (gas diffusion layer thickness, catalyst layer
thickness, Nafion/separator membrane thickness) along with their effects on the
device thermal profile is also presented in detail.
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Fig. 2.1 Schematic (not to scale) showing (a) the top view and (b) the side view of
the integrated PEC device depicting incoming concentrated irradiation, cooling and
preheating water channel, triple/dual-junction PV, and the integrated
electrochemical system consisting of anodic and cathodic channels, gas diffusion
layers (GDLs), catalyst layers, and a polymeric electrolyte (Nafion). The 2D
simulation domain is the plane shown in (a). A 3D schematic is shown in chapter 1
and Tembhurne et al. [78]. The water from the top water channel is fed to the anodic
chamber shown in (a) with green arrows. The PV’s top p-type contact is connected
to the titanium flow plate of the anode side via an electronic conductor, providing a
flow of positive charge (holes), shown in (b) with dark gray.
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In the CIPEC shown in Fig. 2.1, the incoming concentrated irradiation is incident
on the photoabsorber through the water channel. The absorbed photons with
energies larger than the bandgap allow for the generation of charge carriers in the
photoabsorber. The holes, coming from the p-side of the PV travel to the anodic
catalyst, cause the oxidation of water to produce oxygen and protons. The electrons
travel from the n-side of the PV to the cathodic catalyst and reduce the protons,
which have traveled through the Nafion membrane, causing hydrogen evolution.
The water from the top water channel removes the heat from the PV and is
subsequently fed to the inlet of the anodic chamber of the electrochemical system,
providing the preheated reactant.
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T —

For electromagnetic (EM) wave propagation in any complex 2-dimensional
geometry, the combined form of the Maxwell curl equations [35] is solved for the
simulation of the electromagnetic field using the finite element method and MUMPS
direct Solver [33]. The detailed modeling methodology is presented earlier in chapter
1 and in Tembhurne et al. [78]. The net heat source term coming from EM wave
propagation is defined to be the sum of the individual source and sink terms:

;\\/f[l _ QTH |/‘L<hc/Eg n QR |/1>hc/Eg n QM |}p>hc/Eg (21)
A>hclE,
O tOu=-V-S, | (2.2)
E A<hc/Ey
QTH = (1 - _g)(_v ’ Sav/1 ) (2'3)
hv

Ok is electrical (resistive) loss, Ow is magnetic loss, and QOrn is thermalization loss.
For simulation domains not involving semiconductors, such as water, the net heat
source is simply Orm = -V *Sui. The overall QOpw is calculated by summing the net
heat source terms for individual wavelengths.

For the charge transport in the semiconductor (SC), the Poisson equation and
current conservation equations are solved simultaneously using Fermi-Dirac
statistics and a finite volume solver, incorporating the transport of electrons via the
electron current density vector, Ja , and holes via the hole current density vector, J,
where their sum gives the total current density [39]. The internal heat source term in
the semiconductor is given by

Opy =3-VV +(E, +3k,T)U 2.4)

Where U is the net recombination. The first term (J-VV') represents the ohmic
losses, and the second term (E,+34sT)U gives the recombination losses in the
semiconductor. A detailed modeling methodology for the semiconductor simulation,
electrochemical (EC) charge transport and reacting fluid flow, and heat transfer (HT)

is presented in the companion paper [78| and was also presented earlier in chapter
1.

Charge transport in the electrolyte is simulated by the current conservation and Nernst-
Planck equations, obeying electro-neutrality. Ohm’s law is used for the current
conservation in the electrode. The electrochemical reaction at the electrode-
electrolyte interface is accounted for via the reaction current, z., modeled via the
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Butler-Volmer expression [49] for the anodic one-step oxygen evolution reaction
(OER),

2H,0 - 0, +4H" +4¢’, 2.5)
and cathodic one-step hydrogen evolution reaction (HER),
4H"+4e” — 2H, . (2.6)

The charge conservation equations in the electrode and electrolyte are solved via
finite element methods and a MUMPS solver. The fluid flow and mass transport in
the channels and the porous gas diffusion layers (GDLs) are modeled by the Navier-
Stokes equation with Darcy extension [50], [51]. Species transport for the low density
fluid mixture is modeled by the Maxwell-Stefan diffusion model [52]. The water at
the output of the water channel is fed to the anodic channel at its inlet with normal
velocity, s The heat source in the electrochemical system *, comprised of
electrode ohmic losses, electrolyte ohmic losses and kinetic losses, is given by:

OE,, .
O =—3,-V4,—J, -V + (¢ - —E, +Ta—Tq)zloc. 2.7)

For heat transfer, the steady-state energy conservation equation [54| is solved using
finite element methods in order to calculate the temperature field in the PEC device.
On = OrvtOpvtOre describes the total heat source for the integrated PEC which
includes the heat from electromagnetic heating, semiconductor transport, and
electrochemical reactions.

Non-isothermal treatment was used in the entire modeling framework. Variations of
temperature-dependent parameters, detailed simulation flow and coupling between
different physical nodes have been shown in Tembhurne et al. [78]. Urbach tails and
defect states in amorphous/microcrystalline semiconductors wete incorporated
using wxAMPS [34]. The simulation flow is completely automatized using multiple
interactions between Matlab, Comsol, and wxAMPS. Efficient computational power
saving techniques were rigorously employed, making the model detailed yet
computationally economic in nature.
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Results and Discussion

The temperature independent baseline parameters used in this study are shown in
chapter 1 Table 1.1. The operational temperature was maintained below 80°C,
implying operation with liquid water and no dry-out of the polymeric electrolyte
membrane. The results and discussions for various parametric analysis and the
effects of thermal management are presented. The results are for reference case I
(i.e. for thin film aSi-ucSi-ucSi based PEC) unless otherwise specified.

2.3.1 Operating conditions: Irradiation concentration and water mass flow
rate Water mass flow rate plays a major role in the thermal management. Water with
an initial temperature of 293 K is fed through the inlet with varying mass flow rates
pet length (range: 6 g/s/m to 400 g/s/m), corresponding to varying normal
velocities of the water (range: 0.03 m/s to 2 m/s). The two objective functions, H,
production rate and STH efficiency, were studied for each change in water mass flow
rate for a range of irradiation concentrations (1-1000). The H, production rate is
proportional to the operating current density.

For any concentration in the low concentration range (i.e. C < 300), the increase in
mass flow rate leads to a decrease in Hz production, My, , as is evident from Fig.

2.3(a), though this decrease is minimal. At larger C, this trend reverses and Ho
production increases. This increase becomes more significant in the larger
concentration range (i.e. 750-1000). Fig. 2.3(b) shows a similar trend for STH
efficiency. The reversal in trend for both H» production and STH efficiency is due
to the two specific operating regions observed in the characteristic J-1” curves. The
occurrence of these two regions in detail is explained herewith.

The slope of the linear region of the EC curves decreases with decreasing mass flow
rate, see Fig. 2.2, due to increased charge transport losses, mostly resulting from the
increased temperature of the stream. The saturation current of the EC decreases with
decreasing mass flow rate due to mass transport limitations occurring in the porous
electrodes. Due to this behavior, the EC curves for varying mass flow rates at a given
concentration intersect in a small voltage range, giving rise to two regions of
characteristic operation for the device (indicated as regions I and II). In region I, at
a particular C, the EC curves shift to the right side on the voltage scale with
increasing mass flow rate, while in the region II they shift to the left side. The
identification of the two characteristic operating regions explains the performance
effects observed for varying concentrations: increasing the concentration from small
to large values shifts the operational point from the region I to region II, resulting
in the previously discussed trend for H, production rates and STH efficiencies. The
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stronger changes observed for concentrations above 450 result from operation in
the falling region of the J-1” curve of the PV, leading to a drastic efficiency decrease
with mass flow rate decrease.
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Fig. 2.2 Characteristic curves for mass flow rate analysis for reference case I, for
irradiation concentrations of (a) C = 18, (b) C'= 124, (c) C = 546, and (d) C = 1000.
The colors, from red to violet, blue, and green represent increasing mean flow
velocity of water (0.03, 0.05, 0.2, 2 m/s).

Average EC and PV temperatures, Figs. 2.3(c)-(d), decrease with increasing water
mass flow rates. At a mean flow velocity of 0.03 m/s, there is a 40-fold increase in
the Urc (EC heat source) when going from C = 53 to 1000. At a mean flow velocity
of 2 m/s, for the same concentration range, the increase in the QOgc is 48-fold. Similar
behavior is observed for the PV heat source, Opv. However, despite of significant
increases in heat sources, the temperature increase in the EC and PV at large mass
flow rates is only a few Kelvins, as opposed to increases in temperature of tens of
Kelvins for low mass flow rates.

These results imply that higher water mass flow rates have a better cooling capability

than low mass flow rates. Additionally, high mass flow rates allow the operation at
high C with the increased saturation of EC, and hence increased operating currents.
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Fig. 2.3 Contour plots showing the evolution of (a) hydrogen production rate
[g/min/m?, (b) STH efficiency, (c) average PV temperature [K], and (d) average EC
temperature [K], as a function of varying irradiation concentrations and water mean
flow velocities for reference case I (Si based PV). (e) Operating STH efficiency for
varying mean flow velocities and C as a function of hydrogen production rate. The
Pareto front in (e) is shown by the dotted black line. The color of the circles
represents concentration and the color of the stars represents the mean flow velocity

[m/s].

The optimum region of device operation for highest H, production occurs in the
large concentration range (700-1000) at large water mean flow velocities (0.1-2 m/s).
In contrast, the preferred region of operation maximizing the STH efficiency lies in
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the low concentration range and is independent of the mean flow velocities in the
inspected range (0.03-2 m/s). This competitiveness in the objectives of H,
production and STH efficiency is plotted in Fig. 2.3(c). With the aim of having
increased H, production along with increased STH efficiency, it is observed that the
various device configurations, Fig. 2.3(¢), form a Pareto front implying the absence
of a global optimum but the existence of a range of semi-optimal efficiencies. The
frontier has no specific trend with respect to C but consists mainly of parameter
combinations with the highest mean flow velocity. The optimum mean flow velocity
is around 0.2 m/s, as evident from Fig. 2.3, above which the variations in STH
efficiency, Hs production, and temperature become negligibly small.
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Fig. 2.4 Characteristic curves for the mass flow rate analysis, for reference case II
(III-V based PV), for irradiation concentrations of (a) C = 53, (b) C = 180, (c) C =
546, and (d) € = 1000. The color from red to violet, blue, and green represents
increasing mean flow velocity of water (0.03, 0.05, 0.2, 2 m/s).

For reference case II, i.e. with a dual junction GagsilnosP-GaAs, the characteristic
curves and variations of the objective functions are presented in Figs. 2.4-2.5. A
similar behavior as for the reference case I is observed, including the formation of
the two distinct operational regions (I and II). However, the bandgaps for the
GapsilnowP-GaAs cell are more sensitive to the temperature, and therefore a clear
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difference in the PV J-17 curves with changing mass flow rates is observed. The
optimal concentration is at C = 180 and a mean flow velocity of 0.2 m/s. For larger
concentrations, the Ji of the PV is always larger than the saturation current of the
EC (i.e. for the case when PV area is equal to EC area as shown in Fig. 2.1). The J,p,

and therefore My, , minimally increase with increasing mean flow velocity until C =

150, and significantly increase for C = 150 to 1000. The STH efficiency increases
with increasing mass flow rate. For reference case 1I, the J,, and STH efficiency
trends are not the same as for the reference case 1. There is no reversal in trend for
H: production and STH efficiency as C increases, despite the formation of two
distinct operational regions. This follows from the location of the operational points,
which always lie in region II. The temperature variations show the same behavior as
reference case I. The tradeoff between H, production and STH efficiency also leads
to a Pareto front for reference case II. However, this front is relatively flat and closer
to a global optimum. For reference case II, ~100% of the maximum STH efficiency
and ~96% of the maximum H, production can be chosen at the same time whereas
for reference case I the best configuration turns out to be the one with 50% of the
maximum of both objective functions.

The regions of enhanced performance for the thin film Si based device and III-V
based device are quantified in Figs. 2.6(a) and (b) respectively. The contour plot of
Fig. 2.6(a) agrees with the STH efficiency trend reversal after C = 300 shown in Fig.
2.3(b). The x-axis value of 1 corresponds to the reference mean flow velocity, t'mean,
of 02 m/s. 7’stu is the STH efficiency at 0.2 m/s for the corresponding
concentration. Fig. 2.6(a) shows that maximum efficiency enhancement is observed
for € > 300 and 0.1 m/s 2 vmen = 0.03 m/s. For example at C = 546, the STH
efficiency increases by 9.2% when Umen increases from 0.03 to 0.2 m/s. For the III-
V based case, the significant STH efficiency improvement is seen for C > 180 and
0.1 m/$ 2 Umean = 0.03 m/s. For example at C = 540, an efficiency increase of 17.5%
is observed for an increase in vmen from 0.03 to 0.2 m/s. Both plots show that there
are large efficiency enhancements for higher concentrations with increases in the
mass flow rates.

In summary, the mass flow rate plays an integral role in thermal management in
integrated devices. IPEC devices can be operated without a significant decrease in
performance, even at very high irradiation concentrations, provided the water flow
velocity in the cooling channel is at least 0.2 m/s. The changing mass flow rate
doesn’t affect the performance at low C, but has the potential to significantly
improve STH efficiency for larger concentrations. When operating in region II
(often given at high C), the mass flow rate allows for control of the operating point
of the integrated device and thus can be used as a controlling parameter to counteract
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component degradation over the device lifetime. This is particularly pronounced if
the operation is close to the maximum power point of the PV. It is predicted that
the device degradation and the corresponding decrease in performance over the
lifetime of the system can be controlled by smart thermal management.
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Fig. 2.5 Contour plots showing evolution of (a) operating current density [A/m?],
(b) STH efficiency, (c) average PV temperature [K], and (d) average EC temperature
[K], as a function of varying irradiation concentrations and water mean flow velocity
for reference case II (III-V based PV). The operating STH efficiency for varying (e)
irradiation concentrations, and mean flow velocities, as a function of operating
current density for the mass flow rate analysis. The dotted black line in (e) shows the
Pareto frontier. The color of the circles represents concentration and the color of
the stats represents the mean flow velocity [m/s].
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For the operation of the Si-based device at C = 707, a 12% degradation in STH
efficiency can be compensated with a seven-fold increase in the water mass flow rate
if the operating point remains in region II, i.e. degradation overpotential in the EC
is limited to about 250 mV. This shows that smart thermal management - possible
due to the integrated nature of our device design - contributes significantly to a
device with stabilized and high performance over an elongated fraction of device
lifetime. Additionally, thermal management controls and/or reduces the component
temperature, which is expected to further reduce the rate of thermally-induced
degradation phenomena.
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Fig. 2.6 Contour plots showing the STH efficiency enhancement in percentage with
respect to the reference case for (a) the thin film triple junction aSi-ucSi-ucSi, and
(b) the Gaosilno4P-GaAs dual junction based integrated PEC device. The reference
velocity, 0'mem, is 0.2 m/s. 7'stu is the STH efficiency at 0.2 m/s for the
corresponding concentration. The green contour line represents the 0 level. 7 st c=1
= 4.94%, 7705TH,C:18 = 4.74%, VOSTH,C:124 = 4.67%, 7705TH,C:265 = 4.49%, VOSTH,C:S% =
3.80%, 7'stic=107 = 3.08%, 7’stic=1000 = 2.22% for the thin film Si case. 7’strc=1 =
12-21%, 770STI—I,C:53 = 12.200/0, 770STH,C:18() = 12-18%, 770STH,C:265 = 8-48%, 7705TH,C:546 =
4.130/0, l]OSTH,C:707 - 3.200/0, 7ZOSTH,C21000 = 2.25% for the I11-V based PV case.

2.3.2 Material choices — Catalyst characteristics The catalysts characteristics
investigated are- exchange current density and active specific surface area (ASSA).
For reference case I, the exchange current density for each electrode and its
temperature variation is given in Table 1.1 of chapter 1, representing Pt and IrO,
catalysts. The evolution of produced H, and STH efficiency of the device for varying
exchange current densities of the anodic and cathodic reactions is shown in Figs.

2.7(2)~(b). My increases with increasing exchange current densities at a given

concentration. This increase is only significant in a concentration range between 250
and 650. Outside this range, [, varies minimally. This behavior results from the
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location of the operational points, which lie either in the flat region of the PV (for C
< 250) or in the saturation region of the EC (for C> 650). A similar trend is observed
for the STH efficiency resulting from the nature of the J-1” curves, Fig. 2.8. The
EC’s J-17 curves start separating as the voltage increases above E., due to the
increased activation overpotential at smaller exchange current densities. The EC’s J-
I curves stay almost constant (parallel) in the linear region, as ohmic losses are not
affected, and coincide towards the saturation region. This behavior implies that the
mass transport limit is also not affected by the change in exchange current density.
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Fig. 2.7 Contour plots showing evolution of (a) hydrogen production rate
[g/min/m?, and (b) STH efficiency as a function of vatying irradiation
concentrations and exchange current density multipliers. Operating STH efficiency
for varying (c) exchange current density multipliers and (d) active specific surface
area (ASSA) for varying C as a function of H, production rate. The Pareto front is
shown by the dotted black line. The color of the circles represents concentration and
the color of the stars represents the (c) multiplier or (d) ASSA.

The characteristic curves for varying combinations of irradiation concentrations (18-
1000) and exchange current density multipliers (1-100 fold increase) are shown in
Fig. 2.8. The high C curves of the EC intersect the PV curves in their falling region.
The average EC and PV temperatures for the exchange current density analysis are
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shown in Figs. 2.8(¢)-(f). Both EC and PV temperatures change minimally (less than
1 K) with the increasing exchange current density. The similar behavior is observed

for varying active specific surface area.
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Fig. 2.8 Characteristic curves for the exchange current density analysis for
irradiation concentrations of (a) C = 18, (b) C' = 124, (c) C' = 450, and (d) C' = 1000.
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The active specific surface area (ASSA) is defined as active surface area divided by
the volume. The variation of ]WH2 and STH efficiency with C and ASSA show very

similar behavior to the varying exchange current density multiplier case. Hydrogen
production was found to minimally increase with increasing ASSA for C = 600. For
larger C, ], becomes independent of ASSA. The STH efficiency increases
significantly at medium C (~ 9.8% increase for an increase from 10* to 10°m™ in
ASSA at C = 450) but remains constant at large C. The J-1” curves of the EC show
similar trends to those observed for changing exchange current densities.

Maximum H, production can be achieved at a large concentration (C' = 700-1000)
independent of the chosen exchange current density and ASSA. However, maximal
STH efficiency is achieved at the lowest C and highest exchange current density,
utilizing electrodes with large ASSA. This contradictory choice for optimized
operation results in a Pareto front, Figs. 2.7(c)-(d). The fronts are comprised of
devices which utilize the largest exchange current densities or ASSA.

In summary, at large irradiation concentration the exchange current density and
ASSA do not affect the operating current density, and consequently, a production
rate insensitive to the chosen catalysts is predicted. However, the efficiency increases
(by 7.8% for exchange current density increase by a factor of 100) for the case with
C = 546 when the catalysis is enhanced. The highest exchange current density and
the ASSA are required for device operation on the Pareto front, i.e. compromising
between efficiency and hydrogen production. A ~9.5% increase in hydrogen
production caused by increasing the multiplier from 1 to 100 at C' = 450 only causes
a ~0.3% increase in temperature. Similar behavior is observed for temperature
variations for the ASSA analysis. This insensitivity of the temperature, despite a
significant increase in the heat source, is a result of smart thermal management, with
a mean flow velocity of 0.2 m/s, which is the optimized value, see section 2.3.1.

2.3.3 Dimensions and design

2.3.3.1 Membrane thickness The variation of the thickness of the solid electrolyte
(a Nafion membrane) affects the diffusional driving force of the ions across the
membrane and the membrane’s concentration-dependent conductivity. The J-17
curves for varying membrane thickness (30-100 um), Fig. 2.10, show that the
operating point changes significantly with changing membrane thickness. Changing
membrane thickness has a larger impact on the device performance for large C
because, in this case, the operating points lie in the falling region of the PV’s J-1”
curve. The concentration overpotential and ohmic losses are significantly affected
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by membrane thickness. They increase with increasing thickness with no change in
the activation overpotential.
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Fig. 2.9 Contour plots showing the evolution of (a) the hydrogen production rate
[g/min/m?, and (b) the STH efficiency as a function of varying irradiation
concentrations and Nafion membrane thicknesses. The STH efficiency for varying
(c) concentrations and membrane thicknesses as a function of H, production rate.
The Pareto front is indicated by the dotted black line. The color of the circles
represents concentration and the color of the stars represents the membrane
thickness.

The variation of the amount of H, produced with varying membrane thicknesses
and for different irradiation concentrations is shown in Fig. 2.9(a). ], and hence Ha
production, decrease insignificantly with increasing membrane thickness up to C' =
200. For C> 200, the decrease in ., becomes drastic, i.e. ~60% decrease at C' = 546.
A similar behavior is observed for the STH efficiency, Fig. 2.9(b). Maximum H,
production occurs at the largest C and for the thinnest membrane, while the STH
efficiency is maximal for small C and independent of the membrane thickness. The
tradeoff between Hs production and STH efficiency is shown in Fig. 2.9(c), showing
a Pareto frontier. The Pareto front includes the smaller membrane thickness, but no
specific trend exists for C.
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Fig. 2.10 Characteristic curves for the membrane thickness analysis for irradiation
concentrations of (a) C = 18, (b) C' = 265, (c) C = 546, and (d) C = 1000. The color
from red to violet, blue, and green represents increasing membrane thicknesses (30,
50.8, 80 and 100 um). The contour plots showing the evolution of (e) the average
PV temperature [K], and (f) the average EC temperature [K], as a function of varying
irradiation concentrations and membrane thicknesses.

The average PV and EC temperatures, Figs. 2.10(¢)-(f), show minimal variations at
a given C with varying membrane thickness. However, for an example case with C
= 1000, Qrc increases by 2.7 times and Opv by 1.21 times as the membrane thickness
decreases from 100 to 30 wm. This increase in the overall heat source at a large
irradiation concentration is a direct result of the large variations in the operating
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current. This behavior is also observed for C > 200. The temperature variation is
only a few Kelvins for this heat source increase, indicating that the device has a good
thermal management, which is the result of the water flow velocity choice of 0.2
m/s, an optimized velocity according to mass flow rate analysis (section 2.3.1). The
average PV temperature remains constant for low irradiation concentrations. At
large C for increasing membrane thicknesses, the PV temperature decreases and this
rate of decrease increases for higher C. The average EC temperature increases (for
C = 1-450) and then decreases (for C > 450) because Qkc follows the same trend.

At small irradiation concentrations, the membrane thickness appears to not be
relevant for the operating current and only slightly affects the efficiency. For larger
concentrations, the membrane thickness must be minimized in order for the device
to operate under conditions of the Pareto front.

2.3.3.2 Catalyst and GDL layer thickness

a. Catalyst thickness Here the effect of variation in the thickness (50-200
nm) of the two catalyst layers is discussed. The evolution of STH efficiency and Jop,
Figs. 2.11(c)-(d), shows that J,, insignificantly increases with increasing catalyst layer
thickness. STH efficiency has its largest increase at C = 450, where its operating
point is near the maximum power point of the PV. This concentration spans the
largest operating current density change with varying catalysts thicknesses. The J-1”
curves, Figs. 2.11(a)-(b), illustrate that the activation and concentration
overpotentials decrease with almost no change in the ohmic losses when catalyst
thicknesses are increased. Average PV and EC temperatures, Figs. 2.11(e)-(f), are
independent of catalyst thickness variations, mainly because the heat sources are
insensitive to these thickness variations and because the reference flow velocity of
the water (0.2 m/s) optimally removes the heat. The combined optimization of STH
efficiency and J,, forms a Pareto frontier as shown in Fig. 2.13(a), with the front
comprised mainly of the thicker catalyst.
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Fig. 2.11 Characteristic curves for the catalyst thickness analysis for irradiation
concentrations of (a) C' = 450, and (b) C' = 1000. The color from red to violet, blue,
and green represents increasing catalyst thicknesses (50, 100, 150, and 200 nm). The
contour plots showing the evolution of (c) operating current density [A/m?, (d) STH
efficiency, (e) average PV temperature [K], and (f) average EC temperature [K], as a
function of varying irradiation concentrations and catalyst thicknesses.

b. Gas diffusion layer (GDL) thickness The GDL thicknesses of both the
anodic and cathodic sides were varied in the range of 300-800 um. The evolution of

]\}[H2 shows that H, production decreases minimally with increasing GDL thickness

(e.g. ~0.7% decrease for C = 124 with a thickness increase from 300 um to 800 um).
STH efficiency follows the same behavior. However, for the higher concentration
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range (C = 750-1000), the STH efficiency and hydrogen production remain constant
with increasing GDL thickness. The J-1” curves, Figs. 2.12(a)-(b), show that the slope
of the EC curve in the linear region decreases with an increase in GDL thickness,
however, the saturation current of the EC stays nearly the same.
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Fig. 2.12 Characteristic curves for the GDL thickness analysis for irradiation
concentrations of (a) C = 450, and (b) C = 1000. The color from red to violet and
blue represents increasing GDL thicknesses (300, 400, 800 um). The contour plots
showing the evolution of (c) operating current density [A/m?], (d) STH efficiency,
(e) average PV temperature [K], and (f) average EC temperature [K], as a function
of varying irradiation concentrations and GDL thicknesses.
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This implies that ohmic losses due to charge transport in the EC increase, whereas
the saturation current of the EC doesn’t change with increasing GDL thickness.
Additionally, no change in the activation overpotential was noticed. The average PV
and EC temperatures, Figs. 2.12(¢)-(f), were found to be nearly independent of GDL
thickness variations, primarily because the heat sources were found to be insensitive
to this thickness variation at the chosen mean flow velocity of water, 0.2 m/s
(optimized value). The combinations of C and GDL thickness which result in
maximum STH efficiency (C = 1-150 and independent of GDL thickness) and Ho
production (C = 700-1000 and independent of GDL thickness) do not coincide,
again forming a Pareto frontier, Fig. 2.13(b). This front has no particular trend with
respect to C but consists mainly of the smallest GDL thicknesses.
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Fig. 2.13 Operating STH efficiency for varying (a) anodic and cathodic catalyst
thicknesses, (b) anodic and cathodic GDL thicknesses as a function of hydrogen
production rate. The Pareto front is shown by the dotted black line. The color of the
circles represents concentration and the color of the stars represents the (a) catalyst
thickness and (b) GDL thickness.

2.3.4 Saturating behavior of performance parameters Variation of the hydrogen
production rate and STH efficiency with the investigated dimensional, operational,
and material parameters is found to follow a saturating trend. This behavior is shown
in Fig. 2.14 for C = 707.

The objective performance functions (J,, and STH efficiency) change somewhat
significantly with an increase of the dimensional (GDL and catalyst layer thickness),
material (ASSA and exchange current density), and operational (water velocity)
parameters. Nevertheless, a saturation level is reached where any further increase in
these parameters does not affect the performance. For GDL and catalyst
thicknesses, the decreasing slope signifies the onset of the saturation area. Mean flow
velocity of 0.2 m/s, exchange current density of 50 times the reference value, ASSA
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of 10° m™, catalyst thickness of 200 nm, and GDL thickness of 300 um optimize the
performance of the integrated PEC device. Similar trends are observed at other
irradiation concentrations, however, the exact nature of the curve varies slightly.
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Fig. 2.14 Operating current density (left y-axis) and STH efficiency (right y-axis) as
a function of GDL thickness, catalyst thickness, active specific surface area,
exchange current density multiplier, and mean flow velocity, for the reference case I
at C =707.
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The coupled 2-dimensional, non-isothermal multi-physics model 78] is utilized to
simulate the performance of an integrated PEC device utilizing concentrated
irradiation. The model accounts for concentrated solar irradiation, electromagnetic
wave propagation, semiconductor charge generation and transport, heat transfer,
fluid flow, mass transport, electrolyte and electrode charge transport, and
electrochemical reactions. Operation at large irradiation concentrations allows
maximized hydrogen generation rates and increases the economic competitiveness
of devices. The low fill factor of the PV cell and mass transport limitations of the
electrochemical system put an upper limit on operating current for PV and EC area-
matched devices, indicating an optimal irradiation concentration.

The J-17 curves of the EC, with varying mass flow rates, intersect in a small potential
region, giving rise to two distinct regions of operation. Region I, corresponding to a
low operating current density zone, is affected by temperature effects, leading to
increasing slopes of the J-1” curves of the EC for smaller temperatures. Region II,
corresponding to a large operating current density zone, is characterized by mass
transport limitations which lead to increased saturation currents of the EC with
increasing mass flow rates. The formation of these two characteristic operational
regions leads to trend reversals in the objective functions of STH efficiency and H»
production when increasing the irradiation concentration. For any C, H, production
and STH efficiency behave independent of the mass flow rate for mean flow
velocities above 0.2 m/s. The maximum hydrogen production is achieved at C' =
700-1000 and mean flow velocities between 0.1-2 m/s. The maximum STH
efficiency is observed at C = 1-30 and doesn’t depend on the mass flow rate. The
tradeoff between STH efficiency and H, production forms a Pareto front. This front
consists of device configurations with the largest mean flow velocity. The effective
cooling provided by the water channel on the top of the PV, with a mass flow rate
of 40/g/s/m (equals a velocity of 0.2 m/s), is found to be optimal at all irradiation
concentrations. Large water mass flow rates help in alleviating mass transport
limitation and have better cooling capability than smaller rates.

Hydrogen production and STH efficiency increase for more active catalysts, i.c.
increased exchange current density and active specific surface area (ASSA), at a
particular C. H, production is maximized at large C while STH efficiency is
maximized at small C. Consequently, a Pareto front exists which consists of cases
with large exchange current density and large ASSA. Interestingly, at low and very
large concentrations, the ASSA and exchange current density do not influence the
performance, therefore the device performance is independent of any choice of
catalyst substrate.
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The membrane thickness is important for the performance of the integrated device,
as its variation leads to significant changes in the operating points. The mass
transport limitations are instigated eatlier with increased membrane thickness,
leading to reduced saturation currents. The large changes in operating current density
with varying membrane thickness lead to significant changes in the EC and PV heat
sources. However, the water mass flow rate ensures proper device cooling resulting
in small temperature variations (a few Kelvin only). These minimal temperature
variations, despite significant increases in heat sources, indicate functioning thermal
management for the device. The largest H, production occurs at largest C and
thinnest membranes, whereas the maximum STH efficiency is observed at smaller
concentrations (C = 200), and is found to be independent of membrane’s thickness.
The objective functions of H, production and STH efficiency form a Pareto front
which consists mainly of the cases with the thinnest membrane. The other
dimensional properties, GDL and catalyst thicknesses, do not lead to significant
changes in the operating point with parameter variations. The heat sources, and
hence temperature, are found to be quite insensitive to these parameters. The Pareto
front for these two cases consists mainly of the thinnest GDL and thicker catalyst.

The two objective functions show a saturating trend with increasing dimensional,
operational, and material parameters. Mean flow velocity of 0.2 m/s (40/g/s/m),
exchange current density of 50 times the standard value, ASSA of 10°m’, catalyst
thickness of 200 nm, and GDL thickness of 300 um were observed to be the
optimum values for enhanced performance of the integrated PEC device for C =
707. Similar values are observed for other irradiation concentration factors.

The 2-dimensional coupled multi-physics model proves to be a valuable tool for the
design of CIPEC devices working at elevated temperatures and highlights that smart
thermal management assists in achieving efficient and low-cost production of solar
fuel at large rates. The results predict that thermal management can be used as a cost-
effective and simple way of controlling device performance. For example, it is
predicted that performance reduction due to degradation over the lifetime of the
system can be controlled and counteracted by smart thermal management strategies:
For operation at C = 707, a 12% degradation in STH efficiency can be compensated
by a seven-fold increase in the water mass flow rate. This benefit is observed for the
operational region I and II, although the strategy reverses depending on the region.
The results illustrate that smart thermal management — which is possible due to the
integrated nature of the device design — allows for the development of CIPEC device
operation, helps in the design of systems with prolonged high performance, ensures
a performance advantage of integrated devices, and indicates that dedicated design
and operation can circumvent limitations imposed by primary materials.
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Controlling strategies’

Introduction

One viable route to have continuous and stable production from electrochemical
systems exposed to sustained and fluctuating disturbances is to have a dynamic
control of the operating parameters. The increasing efforts of integrating
components in working photoelectrochemical devices for the generation of fuels
[68], [69], [79]—[82], [77], [83]—[86], particulatly hydrogen, helps in moving closer
towards a commercial realization of these approaches. The practical implementation
of such devices requires high operating current densities while maintaining high
efficiencies. Equally important, the device needs to ensure stable, reliable, durable
and robust operation. This implies that the instantaneous operating point shouldn’t
considerably deviate from the designed operating point. However, this is unrealistic
for a practical device given unavoidable degradation phenomena [15] and the
irradiation variation, both occurring at different rates and frequencies during the
lifetime of the device.

Given the sun being an intermittent source of energy, the reliability and stability
become challenging. The intermittency not only affects the production at a particular
time of the day, but it also changes the operating point of the system and accelerates
the device degradation. For non-integrated, externally wired photovoltaic (PV) plus
electrochemical (EC) devices, power electronics (such as a de-dc based maximum
power point (MPP) tracker) can be interconnected between the PV and EC.
However, employing external power electronics adds to the system complexity and
to the expenses. Eatlier demonstration by Chang et al. [80] has shown the effects of
employing external converter/MPP tracker in-order to boost the solar-to-fuel
efficiencies by as much as 12%. Though they started with a badly designed/operated
photoelectrochemical device which had a large difference between the operating

3 Material from this chapter is in preparation for publication in following article,
S.  Tembhurne, S. Haussener, “Controlling strategies for concentrated integrated
photoelectrochemical devices exposed to fluctuating or sustained disturbances” (2018)
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power and the maximum power delivered by the PV components. This difference
was higher than the losses in the external power electronics components, allowing
them to boost the device’s efficiency.

To get a general insight into the advantage or disadvantage of a dc-dc based MPP
for PEC devices, the 0-dimensional model developed by Dumortier et al. [21] is
utilized to estimate and compare the performance of integrated PEC devices and
externally wired PV plus EC devices with power electronics. The J-1” characteristics
of a range of PVs with varying fill factors FIF (obtained by varying the series
resistance) and a range of ECs with varying current dilution factors (F' = Agc/Apv)
are shown in Fig. 3.1(a). The PVs are I1I-V material based triple junction cells and
ECs are with Ni/Co30; catalysts. The PV curves with FFs between 0.60 and 0.91
are shown with different colors, the EC curves for different Fs are indicated by
numbers. The black dots represent the intersection point between the corresponding
PV and EC curves and hence the operating point of the integrated device, the color
dots (on each EC curve) represent the operating point if a 93% efficient dc-dc based
MPP tracker is employed (for respective colored PV curve), and the orange
diamonds represent the MPP of the different PV curves.
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Fig. 3.1 (a) Characteristic current density versus voltage curves of III-V based triple
junction PV and Ni/Cos;O, based EC for varying FF (0.60, 0.70, 0.80, 0.91) and
varying ' = Agc/Apy factors (0.013, 0.019, 0.027, 0.038, 0.15, 10). The black dots
represent the intersections between the PV and EC curves, the colored dots (on each
EC curve) represent the operating point if a 93% efficient de-dc based MPP tracker
is employed (for the respective colored PV curve), and the orange diamonds
represent the MPP of the different PV curves. (b) Relative change in the efficiency
between a device utilizing an external dc-dc based MPP tracker and an integrated
(no-converter) device for each PV case (FF = 0.60, 0.70, 0.80, 0.91) and its
corresponding EC curves (curves 1 to 6 correspond to = 0.013 to 10). Positive
bars imply the integrated case has a lower efficiency and vice versa.
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It is observed that if the corresponding color dot lied vertically below the respective
integrated mode’s operation point, then the power electronics were not enhancing
the efficiency, even though the integrated device was not operating exactly at (but
close to) the MPP. The opposite (dc-dc enhances efficiency) is true when the color
dot lied above the respective integrated mode’s operation point (which lied far away
from MPP). The motivation behind analyzing such a wide spread of PVs and ECs is
to simulate cases where the integrated operating point lies at varying distances from
the MPP of the PV. The relative change in the efficiency with the use of power
electronics is plotted in the four bar plots of Fig. 3.1(b) (each bar plot for each PV
FF case). It is observed that there are some cases (positive bar) where power
electronics enhance the devices’ efficiency while for others (negative bar) the use of
power electronics causes the device efficiency to decrease. Depending on the
distance of the operating point form the respective PV’s MPP, the enhancement can
be as high as +46% (i.e. for the EC with F'= 10 and the PV with FFF = 0.91) and as
low as -7% (i.e. for the EC with F'= 0.15 and the PV curve with FFF = 0.60). Overall,
in most cases (though badly designed) the external dc-dc converter seemed to benefit
the overall device performance.

This said, the use of power electronics generally requires a non-integrated (PV plus
EC) PEC device, for which close thermal and electronic integration is not possible.
In order to take benefit of the integrated nature of the device |75, one will have to
find ways of adapting and tracking the optimal operating point without the use of
external power electronics. This novelty is addressed here.

Designing an integrated device which can dynamically respond to changes in the
operating conditions without external power electronics, requires a design providing
controllable and adjustable operation. A detailed multi-physics model is required to
propetly scout for operational parameters which can be controlled/varied, ultimately
allowing the changing of the device’s operating point. For this purpose, our
previously developed fully automated coupled 2D multi-physics non-isothermal
model |78] is used, which uses finite element and finite volume methods to predict
the performance of the concentrated integrated PEC (CIPEC) devices. The
parametric analysis presented in Tembhurne et al. [75| studied the effect of
operational parameters such as the flow rate of the reactant and the input irradiation
concentration along with variation in materials and dimensional parameters. It has
been observed in this detailed coupled analysis that with varying mass flow rates the
characteristic J-1” curves of the EC component intersected in a small potential region
giving rise to two characteristic operating zones, I and II. The zone I, occurring at
low to intermediate electrochemical current densities is characterized by the
temperature effects where the higher EC temperature leads to lower overpotentials
and hence better performance. However, the zone II (occurring at intermediate to
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high electrochemical current densities) is dominated by the mass transport
limitations which causes lower overpotentials at higher flow rates. This competing
behavior in the zone I and I1 is interesting and in fact, as the device’s input irradiation
concentration changes (increases) the operating point of the integrated system is
found to shift from one zone to another. This behavior makes the reactant mass
flow rate to be the perfect parameter to be controlled to track the optimum operating
point of the device. This was further supported by observing that a Pareto front was
formed for the objective functions of solar-to-hydrogen efficiency and hydrogen
production rate. This implies that both these objective functions cannot be
maximized at a single reactant flow rate, hence, motivating smart flow rate control.
In this chapter, proof and exploitation of this observation and quantification of the
benefit is presented. To summarize, three types (see Fig. 3.2(b)) of
photoelectrochemical devices 1) integrated, ii) non-integrated (PV+EC) with external
power electronics control, and iii) integrated with reactant flow control; are analyzed
and compared.

Here, focus is on an integrated photoelectrochemical device design for solar fuel
generation working under concentrated irradiation and the development of
controlling strategies which allow for stable and controllable operation of the device
exposed to a variety of disturbances.

The device under consideration consists of a membrane electrode assembly (MEA)
sandwiched between gas diffusion layers and bipolar flow plates, which makes the
integrated electrolyzer (EC) component. The anodic flow plate incorporates a stage
of the dimension of the photovoltaic (PV) component which allows for its direct
integration on the plate. The positive contact of the PV is in direct contact with the
anode plate and the top-negative contact is connected to the cathode plate via a path
made by metal conductors and electrically masked but conducting screws. This
device configuration of n-p-anodic-cathodic can alternatively be p-n-cathodic-
anodic depending on the designed polarity of the PV component. The design further
incorporates a top reactant delivery plate which serves as the inlet for the reactant
and which allows the excess heat from the PV component to be removed while
preheating the reactant. The reactant is then transferred to the electrochemical
component by a direct fluidic connection. The integrated device operates under
concentrated irradiation which not only allows to reduce the usage of expensive PV
and catalytic materials but also to enhance the device performance by utilizing the
normally unused thermal energy. This particular design uses close thermal and
electronic integration and allows for the application of thermal management and
controlling strategies for ensuring optimal output power. The device design is
discussed in more detail in Tembhurne et al. [75], [78], [86] and a schematic is
presented in Fig. 3.2.
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Fig. 3.2 The schematic showing (a) the concentrated integrated
photoelectrochemical device with PV, EC (comprised of MEA and flow plates) and
top reactant delivery/preheating plate. The blue dotted arrows indicate the flow path
of the reactant, i.e. the de-ionized water, which enters the preheating plate through
the dual inlets and then passes over and around the PV and fluidically communicates
with the anodic plate. (b) Different types of PEC device configurations integrated,
PV + EC with dc-dc MPP tracker, and integrated with reactant flow control; are
analyzed in this chapter which are schematically presented.

In this chapter, the deployment of the earlier developed 2D multi-physics model [75]
to incorporate the degradation modeling is presented, which allows to simulate the
close-to-real degradation behavior of the photovoltaic and electrolyzer components.
Then the exploitation of the model, for the yearly (sustained disturbances)
degradation analysis and daily irradiation variation (frequent disturbances) analysis,
is discussed. And finally, the role of the reactant mass flow as an internal optimum
power point tracker is presented.

75| Page



3: Controlling Strategies

T —

Our previously developed 2-dimensional multi-physics model, presented in
Tembhurne et al. |75], [78], served as the basis for the device model. For the
electromagnetic wave (EMW) propagation for any complex 2-dimensional geometry,
the simulation of the electromagnetic field was done using the combined form of
the Maxwell’s curl equations [35]. The finite element method was used for this
simulation. The net heat source term (Qrv) arising from EMW propagation is
detailed in Tembhurne et al. [75] and comprised of the thermalization losses and
losses due to absorption of wavelengths above the bandgap wavelength. The sum of
the net heat source terms for individual wavelengths gives the overall EM heat
source, Opwm.

For the charge transport in the electrolyte, the current conservation and Nernst-
Plank equations obeying electro-neutrality were used, whereas Ohm’s law was used
for the current conservation in the electrode. The Butler-Volmer expression [49] was
used to account for the electrochemical reaction at the electrode-electrolyte interface
for the anodic oxygen evolution reaction (OER), and cathodic hydrogen evolution
reaction (HER). Finite element methods were used for solving the charge
conservation equations in the electrode and electrolyte. The fluid flow and mass
transport in the channels and the porous gas diffusion layers (GDLs) were modeled
by the Navier-Stokes equation with the Darcy extension [50], [51] and species
transport by the Maxwell-Stefan diffusion model [52]. The heat source in the
electrochemical system (Urc) [49] comprised of electrode ohmic losses, electrolyte
ohmic and kinetic losses, and are detailed in Tembhurne et al. [75].

The Poisson equation and the current conservation equations were solved
simultaneously for the charge transport in the semiconductor (SC). Fermi-Dirac
statistics and a finite volume solver were utilized where the internal heat source term
(Opv), detailed in Tembhurne et al. [75], comprised of ohmic and recombination
losses in the semiconductor.

The steady-state energy conservation equation [54| was solved for heat transfer using
finite element methods in order to calculate the temperature field in the IPEC device.
On = Ot OpvtCrc is the total heat source for the integrated PEC which includes
the heat from electromagnetic heating, semiconductor transport, and
electrochemical reactions.

The material and dimensional characteristics used for the reference case I, with aSi-
ucSi-ucSi thin film triple junction (Ioc ~ 2.1V, i ~ 47 A/m’, FF ~ 64%) or reference
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case II with GagsilnosP-GaAs dual junction (o ~ 2.35V, Ji ~ 100 A/m®, FF ~
93%) example solar cells, are given in |78] and Table 1.1.

For the degradation analysis to incorporate the degradation phenomena during the
lifetime of the device, a reference degradation profile for various components (PV,
concentrator, and electrolyzer) was generated based on the eatlier work by
Dumortier et al. [24], and Fouda-Onana et al. [87], [88]. The concentrator
degradation is modeled using Ci.o = C(1-0.0065years). PV degradation is modeled
via an effective concentration received by the PV to be degrading with lifetime as
Crv_new = Caew(1-0.01years) which incorporates both open circuit voltage (I/,) and
short circuit current (I) degradation. The degradation profiles for the concentrator
and PV are presented in Fig. 3.3(a).

a

~

b)

-e-Reference deg., concentrator
-e-Higher deg., concentrator
-e-Medium deg., concentrator
-o-Reference deg., PV

Higher deg., PV
Medium deg., PV

<Refernce degradation
<Higher degradation
<+Lower degradation

o
©
aQ

0.85f -,

Normalised concentration
o |
©

Normalised H* diffusion coeff.

o
0

5 10 15 20 : 5 70 5 20
Years Years

g}
~

oL
=

<~Reference degradation

<+Reference degradation
<Higher degradation

<Higher degradation

2 =)

= o

3] 5

b= 9 o

'8 (0] . =

S <+Medium degradation 2 .08 <=Medium degradation

° . 5%

=0 I N o X é ™

oY e e T S . 5 .

2 3 °9 "

5] © Y

£ \ £ -

c ° s
0 5 10 15 20 = %% 5 10 15 20

Years Years

Fig. 3.3 Degradation rate profiles of (a) the effective concentration of the
concentrator and of the PV, (b) the H" diffusion coefficient in the electrolyte
membrane, (c) the GDL conductivity, and (d) the anode-cathode exchange current
densities, for the reference, medium, and high degradation cases.

For the EC component, the report by Fouda-Onana [87] was used to identify the
main degradation phenomena and then three parameters from our model were
chosen to mimic this degradation behavior. The H" diffusion coefficient in the
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electrolyte membrane was used to model the decrease in the EC’s saturation current
with time. The GDL’s conductivity was used to model the increase in ohmic losses
and specifically to capture the EC’s efficiency losses at high current [87]. The
variation of the EC J-17 curves with these parameters is shown in Fig. 3.4.
Additionally, the exchange current densities of the anode and cathode (i.e.
ItRuO,/Pt) are used to model the increase in the activation over-potential with time.
Combining these three parameters, a reference degradation profile, mimicking the
realistic degradation behavior occurring in the EC component is generated and is
used for the degradation analysis in this study. These three parameters’ decrease with
time is presented in Fig 3.3 and is given by [*.v = J*(1-0.1years/3) (where J* is the
exchange current density of the anode and cathode), Duey = D(1-0.1years/3) (whete
D is the H" diffusion coefficient in the Nafion membrane) and ¢“" e = 0°PH(1-(-
0.002years*+0.0734years)) (where ois the GDL conductivity) for the reference case

and these particular trends are chosen to mimic the realistic degradation phenomena
presented in [87].

a) b)

10" H* Diffusion coefficient analysis 4 GDL conductivity Analysis

N

= 10%

~17%

~25%

L —50%
=75%

~100%

_.
o
i
A

~25%
~50%
~75%
~100%

o

2]
o
2]

Current Density (A/m2)

Current Density (A/mz)

o

0 05 1 15 2 25 05 1 15 2 25
Voltage (V) Voltage (V)
©)
X 10" Exlchange Clljrrent Denlsity Analy§is
€ 7
3 1.5¢ "’25;% ]
S ~75%
S ~100%
5 1 ~50%
a
i=
205
=}
&)
. .
0 05 1 1.5 2 25
Voltage (V)

Fig. 3.4 The plot showing the effects of variations of (a) H" diffusion coefficient in
the electrolyte membrane, (b) Gas diffusion layer (GDL) conductivity, and (c)
Anode-Cathode exchange current densities on the J-17 characteristics of the
electrolyzer component of the IPEC device.
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The reference case degradation profiles of Fig. 3.3 are used for the analysis presented
in the chapter, unless otherwise explicitly mentioned. Higher and medium
degradation rate analysis are also presented which are based on the degradation
profiles presented in Fig. 3.3. For the medium case, the degradation rates are slightly
higher and for the higher case, they are significantly higher than the rates for the
reference case. Table 3.1 shows the corresponding equations and comparisons
between the reference, medium, and higher degradation profiles.

The value of D is 2.4:10° [em?/s] , ¢“""is 222 [S/m] and [ are 4.62Xexp(-
48600/ RT) (anode-1rOy), 142.02xexp(-28900/RT) (cathode-Pt)  [A/m?]
respectively. Entire modeling framework was treated in non-isothermal way where
variations of temperature-dependent parameters, coupling between different
physical nodes and detailed simulation flow are discussed in Tembhurne et al. [78]
and/or chapter 2.
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3: Controlling Strategies

Results and Discussion

Solar to hydrogen efficiency (STH) is defined as 7y, =

L0
op eq
>

where Faradaic

efficiencies of 1 and a negligible product crossover are assumed and where E, is the
equilibrium potential for neutral pH, T = 25 C, and pressure of 1 atm and has the
value 1.23 V. [, [A/m”’] is the operating current density, C'is the operating irradiation
concentration and I, [W/m? is the incident irradiation.

The results and discussions for sustained disturbances (lifetime degradation) analysis,
frequent disturbances (daily and seasonal irradiation variation) analysis and the mass
flow rate based control of the optimum power point of the IPEC are presented. The
analysis presented here is for aSi-ucSi-ucSi triple junction Si PV based integrated
photoelectrochemical device with F (Arc/Apv) = 1 unless stated otherwise.

3.3.1 Sustained disturbances: Example-degradation The device designed to
operate at a particular operating point at the start of the life doesn’t always operate
at that designated point. In fact, the operating point changes as the different
components degrade with time. For an IPEC device, the operating point is decided
by the intersection of the photovoltaic and electrochemical component’s I-]” curves,
i.e. where the potential provided by the PV can overcome all overpotentials in EC
for the given current. A conservative approach could consist of designing the device
in a way that it initially operates way inside the plateau region of the PV’s I-1/. This
provides sufficient extra potential which can be accessed with the increasing
operating potential given by the degradation and increased overpotentials. If the FF
is high and the shunt resistance is not increasing with degradation, the performance
will not significantly drop even when the overpotentials increase unless and until the
operational voltage pushes above the voltage of the maximum power point (MPP).
However to fully utilize the power achievable from the PV component for the EC
component, one should design the device to operate at the MPP. And for these
devices, it becomes extremely important that their performance is maintained,
independent of the degree of degradation, as their operating point lies just on top of
the falling edge of the PV’s I-]” curve. Here, a novel controlling approach for such
devices is presented. This approach is based on (and only) the reactant flow rate in
order to maintain, stabilize and optimise their performance.

The reference degradation profiles discussed earlier in section 3.2, are used for this
analysis. The characteristics of the EC and PV components were simulated for
operational years between 0 and 18. The Fig. 3.6(a) shows the J-I” curves for the EC
and PV components for increasing operational time and for a water inlet mass flow
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velocity of 0.2 m/s. The irradiation concentration was C = 450. The [, and 1o of
the PV component decrease with degradation and operational years. The EC’s
saturation current decreases while the activation overpotentials and the ohmic losses
increase. As discussed in detail in chapter 2 and alternatively in Tembhurne et al.
|75], the variations of the mass flow rate of water cause the J-1” curves of the EC to
intersect in a small potential region which gives rise to two characteristic regions of
operation, region I and II. These two distinctive zones and their formation is shown

in Figs. 3.5(a)-(b) which shows the J-1” curves for varying water flow velocities for
aSi-ucSi-ucSi and GalnP-GaAs based devices.

a) b)
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Fig. 3.5 The characteristic J-1” curves for (a) aSi-ucSi-ucSi triple junction thin film
Si based (C = 450), and (b) GalnP-GaAs dual junction III-V based (C = 180)
integrated photoelectrochemical devices, with varying flow velocities of the water.
The black dots show the intersection region of the EC curves, left of which lies the
operating Zone I and right of which lies the operating Zone I1.

For flow velocities below 0.2 m/s, one can see a noticeable difference in the
temperature of the EC component of the device. Due to the higher temperature at
low flow velocities, the J-1” curves shift to left with decreasing flow rates leading to
decreased overpotentials. However, zone II is not governed by the temperature
effect but in turn by the mass transport limitation which is alleviated at higher flow
rates. This causes the EC’s saturation current to increase at high flow rates- a trend
opposite than the one observed in zone 1.

Figs. 3.60(b) and (c) show that when the water flow velocity is changed the
performance of the device can be altered, in fact, a smart control of flow velocity
allows noticeable performance enhancements. To understand the effects of the
water flow rate control on the degradation alleviation, characteristic curves for 0.03
m/s and 0.2 m/s on top of each other are plotted; the zoomed plot is shown in Fig
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3.6(b). At the start of the operation of the device, the operating points for both 0.03
m/s and 0.2 m/s lie in the operational zone II (refer Fig. 3.5).
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Fig. 3.6 (a) The characteristic J-I” curves of the triple junction thin film Si triple
junction based IPEC device (reference case I) at C = 450 for 0.2 m/s water flow
inlet velocity and for different operational times. (b) Zoom into figure a) and with
the EC component at 0.03 m/s inlet velocity (dotted line), visualizing the ovetlap
between the 0.03 m/s and 0.2 m/s cases. (¢) Variation of current density (left y-axis)
and STH efficiency (right y-axis) with operational time for two different water flow
inlet velocities. (d) Current density as a function of operational time with constant
water flow inlet velocity of 0.3 m/s (pink line) and with varying water flow inlet
velocity (yellow line) with respect to flow velocity profile (red, right y-axis) for III-V
dual junction PV based IPEC device (reference case II) working at C = 180.

Two important observations are made in Fig. 3.6(b) as one goes to later operational
years: Z) the benefit of switching from one water flow rate to another (in this case
going to higher flow velocity) keeps on decreasing with increasing operational year
and degradation (shown by the decreasing size of the blue ellipse), and 7#) with time
the operational zone (shown by the blue ellipse) gets closer and closer to the
crossover point of the EC (shown with the blue circle). After around 11 years (in
this particular case) the operating points shift and lie in zone 1. Both 7) and 7) lead to
this interesting device performance behavior. The variation of 7sru with time for the
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two water flow velocities is shown in Fig. 3.6(c). The initial advantage of choosing a
higher flow velocity soon starts diminishing and after ~11 years it is no longer
beneficial to operate at a flow velocity of 0.2 m/s, instead, the device should be
operated at 0.03 m/s. A similar trend is observed for the H, production depicted by
the operating current density plotted in Fig. 3.6(c). The cross-over point depends on
the device’s material and operational choices. For example, the plots shown in Figs.
3.7(b) and 3.8(a) for the variation of zsru with operational time for the GalnP-GaAs
dual junction III-V PV based IPEC (reference case II) at C = 180 uncover that there
is no crossover for the STH curves for the two water flow rates. This is because the
operating points for this III-V based PV case always lie in operational zone II [75].

For the aSi-ucSi-ucSi based case the STH efficiency/operating current density cutves
for the high and low water flow velocities cross over after ~ 11 years. However, for
the GalnP-GaAs based case, the crossover never happens due to no-shift of the
location of the operating points as they always lie in operational zone II. This is
evident from Fig. 3.7(a) where it is seen that the operating points never cross over
to the other side of the zonal intersection point (black dot). However, for both the
cases the distance between the two flow rate curves decreases (comparison showed
in Fig. 3.7(b)) with time indicating the diminishing benefits of operating at a higher
flow rate.
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Fig. 3.7 The plots showing (a) characteristics curves for GalnP-GaAs dual junction
PV based IPEC device at C = 180 for varying operational years, (b) current density
profiles for III-V based device at C = 180 and thin film Si based device at C = 450
with increasing operational years.

The current density, as well as STH efficiency profiles with operational years for dual
junction III-V based IPEC showing no cross-over till 18 years are shown in Fig.
3.8(a).
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Fig. 3.8 (a) Operating current density (left y-axis) with increasing operational years
and 7stn (right y-axis) for GalnP-GaAs dual junction PV based IPEC device
(reference case II) at C = 180. The inset shows that the two mass flow rate curves
never intersect. (b) 7sru with increasing operational years for the thin film Si based
IPEC device (reference case I) at C = 450 for the cases where only PV degradation,
only EC degradation, and medium and high degradation rates are considered. The
cross-over points (shown by the vertical arrows) for the two flow rates are different
for all cases.

Additionally, the points at which the two flow rates result in same operating current
density (and STH efficiency) — termed here as the cross-over point — depend on the
degradation mechanism and rates. In Fig. 3.8(b) the analysis’ results, for the case
where only the PV degradation (keeping all other components’ degradation to zero)
is considered, are shown. It is observed that the cross-over point lies at ~11.4 years.
This is explained in Fig. 3.9(a), indicating that the PV’s characteristic curves move
over a single (nearly overlapping cluster of) EC curves and the cross-over point is
decided by the time when the operating points shift from region II to I. A similar
analysis has also been performed for the case where only EC component degradation
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is taken into account. In Fig. 3.9(b), the shift of the operating points from zone II
to I occurs just after 6 years and, hence, for this case the cross-over point lies at
~0.15 years; Very different from the only-PV degrading case. Changing the
degradation rates also affects the crossover point. For example, the cross-over point
is at 4.84 years for high rates compared to 6.5 years for the medium degradation rates
(and ~11 years for the reference). The cross-over point is highly dependent on the
degradation behavior and it is of prime importance to know the degradation rates
apriori. The detailed knowledge of the degradation helps in better designing and
operating the system.
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Fig. 3.9 The characteristics J-1” curves for thin film Si PV based IPEC device
(reference case I) at C = 450 for varying operational years for (a) the only-PV
degradation case, and (b) the only-EC degradation case.

In Fig. 3.9(a) for the PV only degradation case, the EC J-1” curves for different years
more ot less overlap on top of each other. Though for 0.03 m/s the noticeable
temperature difference of the electrolyzer component still leads to a minimal
separation of the J-1” curves. The intersection points for low and high flow rate EC
curves, which decide the demarcation of the zone I and 11, are scattered around 1.82
V. All the operating points for the integrated device for the years between 0 to 9 lie
on the right side i.e. operational zone 11. It is only for the 12" year that the operating
points shift to zone I, and this is where the cross-over takes place for the black curves
(only-PV degradation case) in Fig. 3.8(b).

For the EC only degradation case, the shift of the operating points from zone II to
zone I happens between years 6 and 7 and, hence, the cross-over point shown in
Fig. 3.8(b) lies at 6.15 years. When only the EC components are allowed to degrade,
the PV curves for varying years all lie on top of each other as shown in Fig. 3.9(b).
The EC curves move to lower current densities on the PV curve, and the operating
point (shown with black dots) smoothly shift from zone II to zone 1.
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A water flow rate based control can be deployed to stabilize the output of the IPEC
device. Generally, an engineer chooses to design the device to operate at or close to
the MPP (using the yearly-averaged irradiation) of the PV component and at the
lowest possible water flow rate. For example, for the III-V PV based device
(reference case II), an operation at 0.03 m/s water velocity for C = 180, and for an
average day-light hour irradiation of 800 W/m® would result in operation at the MPP
of the PV. However, as discussed previously (Fig. 3.7(a)), once the degradation starts,
the operating current density of the device decreases.
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Fig. 3.10 The variation of the operating current density for GalnP-GaAs dual
junction PV based IPEC device (reference case II) at C=180 for varying operational
years and for different water flow velocities. The orange line shows the stabilised
output which could be obtained by changing the water flow velocity.

It is also noted from Fig. 3.7(a) that the operation point of the 0.03 m/s case for the
initial operation coincides with the 6 years degraded curves for 0.2 m/s, implying
that by varying the flow velocity the initial operating current density for 0.03 m/s
can be maintained constant at least for up to 6 years. For finding the appropriate
flow controlling profile for stabilizing the output, the output variations for different
flow rates for 6 years are plotted in Fig. 3.10. The required stabilized output (orange)
curve is then used to find the appropriate flow rate to maintain the same current
density. The resulting controlling profile is presented in the Fig. 3.6(d). 2-axis
interpolation (current versus years for different flow rates, and current versus flow
rates for different years) is used to obtain this controlling flow profile to achieve a
stabilized output.
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With the flow rate based control, the output production can be kept exactly constant
for the 6 consecutive operational years. The controlling profile of the water velocity
(red curve) for the decreasing output (pink) curve of the device to achieve a stabilized
(orange) output is presented in Fig. 3.6(d). The cumulated hydrogen production for
6 years (apart from being very stable) is increased by 5% with this flow controlling
profile. Though, it should also be noted that the case of always operating at
maximum flow velocity of 0.2 m/s would lead to 10.1% higher cumulated
production for 6 years but it would be a decreasing (not stable) production.

The above-discussed behavior has been experimentally verified with our
implemented concentrated integrated photoelectrochemical device (Fig. 3.1, details
presented in chapter 4). A 27 W output power IPEC hydrogen generating device is
designed, fabricated, implemented and demonstrated at an electrochemical current
density of 0.88 A/cmgc® with an effective irradiation concentration of 474
(Tembhurne et. al. [86]). A thermal analysis has been performed by measuring the
device’s operating point (potential and output H, production flow) for varying input
reactant velocities and at different irradiation concentrations. The flow rate is
decreased within a reasonable limit so as to still maintain the operating temperatures
below 80°C. The water mass flow rate variability analysis has been performed for C
= 150 for which a total overpotential drop of 0.25 V was recorded when the flow
rates were decreased from 3.8 1/min to 0.34 1/min for which the EC temperature
(measured at cathode plate) increased from ~25C to 60°C. Similar significant
overpotential drops were recorded for C = 250 (~0.3 V drop) and C = 411 (~0.4 V
drop) when the water flow rates were reduced from 4 1/min to ~0.3 1/min. For these
tests, the output hydrogen flow rate was found to be constant, independent of the
water flow rate, given by the high FF of the III-V PV based triple junction solar cell
component and the sustained location of the operating point in the plateau region
of this PV’s I (I7oe = 2.6-3 V for C = 100-400). Thus, it is shown that for a
particular concentration and decreasing reactant (DI water) flow rate, the
electrochemical component’s temperature increased, causing a reduction in the EC
components overpotentials’ and generally in the device’s operating voltage. This
demonstration confirms the numerical predictions in terms of I-1” trends (shown in
Fig. 3.5) and temperature effect domination in zone I. It also confirms the
importance of the reactant flow rate as an integral way for thermal management and,
in turn, performance optimization parameter.

The degradation analysis highlights that the operational parameter such as input
water flow rate plays a significant role in the device’s operation. Operational
parameters should not be kept constant during the lifetime of the device. In fact, a
smart control of the water flow rate allows efficiency as well H, production
enhancement during the lifetime of the device. For example, operating at an
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optimum |75 flow rate of 0.2 m/s, an increase in efficiency between 3-21% is
achieved (Figs. 3.6(c) and 3.7(b)) at the start of the operational life of the device.
After 6 years of operation, this enhancement decreases to 0.5-9.5% signifying it may
no longer be beneficial to deploy extra energy in going to high flow rates. After 11
years and for the aSi-ucSi-ucSi case, it is beneficial to switch to lower flow rates.
Generally, water flow based control of the operating point allows achieving very
stable output production of the device.

3.3.2 High frequency disturbances: Example-Daily irradiation variation The
sun being an intermittent source of energy, the irradiation received during the day is
never constant. In fact, the irradiation received at a particular location depends on
the sun’s path relative to that location, as well as majorly on local weather conditions
such as cloud cover. Hence, the optimum operating point during the peak irradiation
hour may not be the optimum during the non-peak irradiation hours, implying
tracking of the optimum power point during the day is needed. In fact, this can be
done with an external dc-dc conversion based maximum power point tracking (as
discussed in the introductory section), though deploying extra money and energy for
external power electronics may not be a good option compared to our novel water
mass flow rate based tracking of the optimum power point. To show the significance
of the water flow rate controlling for stabilising the daily production output and
efficiency from the system, the characteristic performance curves of the IPEC device
are simulated with varying daily irradiation levels (ranging from 20% - 140%, where
levels from 20-130% are realistic and 140% is included to account for minor
concentrating effects), and are shown in Figs. 3.11(a)-(b). Here an example of the
IPEC device is taken which is designed to be working with 0.03 m/s at the start of
the life and for which the operating point lies at the MPP of the PV component at
an average irradiation of 800 W/m®

The J-17 cutves of EC for the 0.03 m/s case show clear separation from each other
as the operating temperatures are different for all irradiation levels for this low flow
velocity. However, the higher flow velocity of 0.2 m/s ensutes proper heat removal
making the device temperature independent of the irradiation levels and, hence, no
separation of the EC curves is observed. The comparison of the operating current
and zstu for the two flow rates depicts the crossover happens after around 80%
irradiation level (Fig. 3.11(c)). The operating current increases with increasing
irradiation levels, however (Fig. 3.11(c)) #7sru decreases (due to the slope in the
plateau region of the PV, i.e. the existence of the shunt resistance). The crossover
implies that it is beneficial to operate at a lower flow velocity of 0.03 m/s for 0-80%
irradiation levels and at 0.2 m/s for the rest of the day.
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Fig. 3.11 The characteristic J-I” curves for the thin film Si based IPEC device
(reference case I) with varying irradiation levels for (a) 0.03 m/s and (b) 0.2 m/s
water flow inlet velocity with C = 450 and FF'= 1. The MPP of the PV component is
shown by red circles. (c¢) The variation of operating current density and STH
efficiency with irradiation. (d) The operating current density comparisons for non
dc-dc and de-dce based maximum/optimum power point tracker.

If a comparison is to be made among the dc-dc based MPP tracking with overall
93% efficiency and our water flow rate based optimum power point tracking, it is
found that the dc-dc based approach underperforms in most of the cases. Fig.
3.11(d) highlights that the operating current density obtained with an external MPPT
is always lower (except for >110% irradiation levels) than the output achieved
without it. This effect is more pronounced for the cases with low FF PVs (as is for
aSi-ucSi-ucSi shown in Fig. 3.11(d)). If the operating power (supplied PV power ) is
greater than the 93% of the maximum power achievable, the use of an external
MPPT is not justified. Only for cases where the integrated operating point lies far
away from the MPP (difference >7% of MPP for 93% efficient dc-dc approach), the
external MPPT should be used. However, this case is expected to happen rarely in
realistic situations and well-designed devices. In fact, the benefits expected for the
dc-de based MPPT (in Fig. 3.11(d) for 0.03 m/s case red (dc-dc) curve is higher than
blue curve for >110% irradiation level)) can be obtained with the flow rate control
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based tracking (inset of Fig. 3.11(d)) ; that is the green curve for 0.2 m/s case is
higher than the MPP tracker (red) for 0.03 m/s. The output hydrogen generation
rate maximisation can be achieved more efficiently with internal mass flow controller
rather than an external power-electronics (MPPT) component. This shows that the
water flow rate control can act as an efficient internal optimum power point tracker.
Though it should be noted that the increase of operating current with the flow
velocity has a saturating trend |75] and normally the benefits of mass control are
limited to the flow rates per length of 40 g/s/m (~ flow velocity of 2 m/s).

To understand the benefits of the water flow rate based controlling approach for a
realistic daily irradiation variation, the flow controlling profile to be adopted for
different irradiation profiles and the percentage increase as well as stabilizing effect
on the device’s output is shown in Fig. 3.12.
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Fig. 3.12 Three different daily irradiation profiles are shown in (a), (c), and (d). (b)
Variations in zstu for the irradiation profile (a) for the flow velocities 0.2 m/s (green
bars) and 0.03 m/s (blue bars). The respective flow velocity controlling profiles are
shown in red for (b) and in blue for (c) and (d) on the right y-axis. The increase in
the daily hydrogen production is also indicated.
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For the example irradiation profile of Fig. 3.12(a), 7sru for 0.2 m/s (green bars) and
0.03 m/s (blue bars) are plotted in Fig. 3.12(b). It can be seen that for the irradiation
levels <80% the 0.03 m/s ot the blue bars are higher than the green (0.2 m/s) bars.
Hence by varying the water flow velocity during the day (as per the profile shown in
Fig. 3.12(b), red curve on right y-axis), the efficiency and output is stabilized and a
daily increment of 4% in the H, production or the average operating current density
(increases from 10734 to 11167 A/m?) is achieved. The increment obtained with the
flow rate controlling profile depends on the irradiation profile itself. Two additional
examples of daily irradiation profiles are presented in Figs. 3.12(c)-(d) along with the
respective best flow velocity variation. The output production increment was as high
as 6.2% (Fig. 3.12(c)) and as low as 1.3% (Fig. 3.12(d)). In fact, the benefit is directly
proportional to the number of times the irradiation switches from below 80% to
above and for how long it stays there. A fully flat irradiation profile (with no variation
from under 80% to above) would indicate that flow rate based controlling is of no
use, though such irradiation cases are very rare. Additionally, the benefits are smaller
(though still noticeable) if the device is already operating at 0.2 m/s rather than the
currently assumed operation of 0.03 m/s. It should also be understood that the
controlling approach depends on the exact nature of the characteristic curves of the
PV and EC components of the device, implying the deciding level of 80% would be
different for different material based devices. Hence, it is recommended to conduct
this type of analysis before the physical installation of the device and once the
material choices are fixed.
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Conclusion

The dynamic controlling of the input parameters (particularly reactant flow rate) in
response to the sustained (degradation) and fluctuating (irradiation changes)
disturbances for producing a stable, reliable, durable and robust supply of solar fuels,
is presented. The deployment of the earlier developed 2-dimensional multi-physics
model for photoelectrochemical solar fuel production to further incorporate the
realistic degradation phenomena of its various components is discussed. The study
focusses on the use of concentrated irradiation for achieving cost-effective efficient
hydrogen production. The photoactive and the concentrator components’
degradation has been modeled using the effective concentrator factor, whereas the
electrochemical component’s degradation is realized using the parameter’s like
diffusion coefficient in the electrolyte, the ohmic conductivity of gas diffusion layers
and the exchange current densities of the catalysts. The detailed model proves to be
a valuable tool for the design, operation, and optimization of photoelectrochemical
devices.

The effect of reactant (water) flow rate in a thermally and electronically integrated
photoelectrochemical device has been shown to be paramount in developing
device/system operating or controlling strategies which help in efficient operation
and degradation effects alleviation. Yearly degradation analysis has been performed
showing the need for controlling of operational parameters, particularly the reactant
flow rate, rather than keeping them at the same values as designed at the start of the
operational life of the device. It is shown that the smart controlling of the flow rate
can allow to achieve a very stable output from the device for an elongated period of
years despite device degradations. For dual III-V based PEC the degradation in
performance of 5% in 6 years has been compensated by deploying water flow rate
controlling profile allowing constant output for first 6 years. The benefits of one
(higher) flow rate over the other (lower) start decreasing with operational years and
after some time there is a reversal suggesting the switchover of the flow rates’
benefits. The crossover point (time at which reversal happens) is shown to be
dependent on each of the component’s degradation rates with high rates causing the
fastest reversal. The high output power (27 W) and high efficient (17.2% solar-to-
hydrogen) concentrated integrated photoelectrochemical demonstrator has
experimentally verified the importance of the reactant flow rate as an integral thermal
management and in turn as a performance optimization parameter showing
overpotential decrease as high as 0.4 V when the flow rates are changed from 4 1/min
to 0.3 1/min for a III-V PV based IPEC.

The controlling approach has also been shown to reduce the effects of daily and
seasonal irradiation variations. The method to deduce the flow rate controlling
profile which allows the daily output production increment in the range of 1-6% for
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exemplary daily irradiations has been presented. The reactant flow rate has been
shown to act as an internal power point tracker eliminating the need for external and
additional cost inducing dc-dc based power electronic components. In fact, the flow
based control allowed better performance than external dc-dc based trackers, and
only when the integrated operating power point lied far away (difference greater than
100 minus efficiency of external tracker) from the maximum power point, the use of
external trackers was justified.

The periodic operational control of the photoelectrochemical devices proves to be
strongly aiding to the efforts of making such devices more efficient and cost-
effective as well as being able to supply stably. Reactant mass flow based controller
opens new pathways for achieving efficient device operation and degradation
alleviation in a more simplistic way.
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Experimental Demonstration*

Introduction

Functional PEC devices are composed of 1) a photoabsorber, that is responsible for
solar radiation absorption, and charge generation, separation and transport to the
active sites where the electrochemical reactions take place (the photoabsorber is
often covered with co-catalyst particles in order to increase the reactions kinetics and
selectivity), and ii) an electrolyte that transports the ions between the oxidizing and
reducing electrodes, thereby closing the electrical circuit. The most technologically
mature and stable PEC design concepts separate the photoabsorber from the
electrolyte using conducting (passivation and protection) layers while keeping them
in close vicinity to each other (nm to um range) [69], [89]. As highlighted earlier,
these closely integrated device types are called ‘integrated photoelectrochemical
(IPEC) devices’ [21], [75]. This approach allows one to bypass many challenges
imposed by the direct semiconductor-electrolyte interfaces present in traditional
PEC devices [90], [91]. It additionally omits the losses and lack of thermal integration
inherent to completely separated, externally wired (non-integrated) photovoltaic plus
electrochemical devices [19], [92].

Increasing the operating current density in IPEC devices reduces the mass and
surface area of the active components, and leads to a higher power density.
Achieving high conversion efficiency at high operating current densities is
challenging due to increased electrochemical overpotentials (reaction related and
ohmic losses), and due to increased photoabsorber losses (ohmic losses), and further
results in higher wear on the various components. Additionally, high current density
operation is usually accompanied by higher temperature operation, inducing losses
in the photoabsorber (recombination), as well as the possibility of membrane dry-

* Material from this chapter is submitted for publication in following article,

S. Tembhurne, F. Nandjou, S. Haussener, “Experimental demonstration of an efficient and scalable
integrated photoelectrochemical hydrogen generation device operating under concentrated solar
irradiation” (2017)
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out (for polymer membrane-based electrolytes), leading to low membrane
conductivity.

Concentrating solar irradiation for use in IPEC devices provides a pathway for
increasing the current density, resulting in competitive hydrogen generation devices
[21], 193]. If high efficiency can be maintained, these concentrated integrated
photoelectrochemical (CIPEC) devices can prove to be economically competitive,
through incorporating the best performing (though rare or expensive) materials in
reduced amounts [21]. Further, because the concentrated photovoltaic sustains
operation at much higher current densities than the electrochemical component, a
current dilution factor, IF (= Agc/Apv), can be introduced, which equals the ratio of
catalytic active area to photoactive area. With concentrated irradiation, F >7 allows
matching of the difference in the nominal current densities of the photoabsorber to
the electrochemical components (fov = FJrc). F<7 does the same for non-
concentrated irradiation and photoabsorber technologies (e.g. thin film Si based
photovoltaics). Previous demonstrations of integrated 14|, [81] or non-integrated
[68], [69], [77], [83], [94] (few also using power electronics [80]) PEC approaches
have shown that promising solar-to-fuel conversion efficiencies can be achieved.
Some non-integrated demonstrations include systems using multiple in-series-
connected photovoltaics (PVs) and electrolyzers (ECs) [68], [94], [95]. However,
none of these efforts demonstrated high efficiency while pushing current densities
above 0.12 A/cmgc’, with one very recent exception (by Fallisch et al. at 0.80
A/emgc?). Typical current densities in industrially relevant systems are in the order
of 1-2 A/empc®. With increasing irradiation concentration one expects, if the
electrochemically active area is not changed, an increasing operating current density,
however, this is at the expense of significant increases in the over-potentials in the
electrochemical component and increasing losses in the PV component. It becomes
challenging to design dual or triple junction photovoltaic components which provide
the over-potentials required for an operational PEC device [68]. A closely integrated
PEC device design, as presented here, provides a unique opportunity to minimize
the connection losses, and to optimize heat transfer, surpassing the previous designs
in terms of performance. A close electronic integration, as well as smart thermal
management with water flow rate-based control, allows the device to operate with
high efficiency at high electrochemical current density.

One additional driver for aiming at high operating current densities is economic
viability. 0-dimensional PEC device modeling coupled to economic and
sustainability analyses have illustrated that devices made of rare materials, and
operated at C' > 400 and I = 6.80, are among the most efficient and competitive
[21]. A detailed degradation analysis has equally shown that under such conditions,
CIPEC devices operate with a reasonable lifetime [15].
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For practical implementation, heat transfer and thermal management become
essential when concentrating solar irradiation in PECs [22], [96], [97]. 2-dimensional
multi-physics modeling has highlighted the feasibility of utilizing concentrated
radiation in PEC devices while ensuring high performance [78|. Heat and mass
transfer in the CIPEC has been shown to be responsible for the appearance of two
competing operational regions |75]: 1) thermal effects enhance the performance in
the zone of low to intermediate operational current densities, and ii) mass transport
limits dominate the zone of high to very high operational current densities
(saturation current of the electrochemical component). These competing effects lead
to quantifiable tradeoffs between device efficiency and hydrogen evolution rate. It is
argued that the operational flexibility of an integrated device by proper heat and mass
transport management reduces or counteracts the increasing “mismatch” between
the performance of the photovoltaic and electrochemical components with
component degradation, allowing effective optimal tracking of the operating point.

The chapter presents the design and fabrication of a fully integrated CIPEC device.
Irradiation concentration is used onto the photoabsorber (up to 474 kW/m’
demonstrated here) to achieve high current densities, combined with current dilution
in the electrochemical component (F = 6.86) and smart thermal management, to
ensure a valuable energy conversion efficiency. The device consists of a “buried”
[16] photovoltaic component (dual/triple junction PV) directly integrated onto an
anodic flow plate, then covered by a thin reactant channel — acting to remove excess
heat and preheat the reactant. The anodic and cathodic flow plates sandwich the
electrochemical component comprised of a catalyst coated solid ionic conductor and
gas diffusion layers. The design incorporates an electronic conductor for the charge
transfer between the photoabsorber and the reaction site, as contrasted with devices
designed with an ionic conductor, in order to reduce the overpotentials and to profit
from larger conductivities [76|. The device is designed to operate at irradiation
concentrations above 1000 kW /m?

In the following, a detailed description of the device design, fabrication methods,
and techniques and tools used for the characterization is given. Then our device is
compared to the previous PEC demonstrations, i.e. benchmarked, in terms of
design, solar-to-hydrogen (STH) efficiency, and current density. Finally, detailed test
results for efficiency, performance, and stability are presented.
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Experimental methodology

Figure 1 shows the design of the integrated photoelectrochemical device. The device
is comprised of a PV component and an EC component in direct contact with each
other. The EC component is comprised of a membrane coated with catalysts, gas
diffusion layers, and anodic and cathodic flow plates. Table 1 summarizes the
properties of the PV component (4 triple junction solar cells arranged in parallel),
and the EC component (a polymer electrolyte membrane-electrode assembly with
platinized titanium gas diffusion layers and titanium current collectors). The device
incorporates a reactant delivery channel assembly on top of the PV component
through which the inflowing reactant (water via inlets) and the concentrated solar
irradiation (via solar glass) is fed to the device.

Water inlet
Reactant delivery

channel assembly

Solar glass L
Anodic Ti flow

Copper ribbon O, outlet

Cathodic Ti flow

Insulating base
plate

H; outlet

Catalyst coated

membrane Insulating tube

Electronic conductor

Sweep gas inlet
Gasket

Fig. 4.1 Illustration of the integrated photoelectrochemical device including a
reactant delivery channel assembly consisting of a solar glass window, beneath which
lies the photoactive component. The photoactive component is in direct contact
with the anodic titanium flow/collector plate. The anodic and cathodic titanium
plates sandwich the catalyst coated membrane, porous gas diffusion layers, and
gaskets, forming the electrochemical component where water splitting takes place.
The coolant/reactant enters the delivery channel assembly and directly flows over
the photoactive components, removing excess heat and transferring it to the catalytic
area.
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Table 4.1 summarizes the properties of the photoabsorbing component (4 triple
junction solar cells arranged in parallel), and the electrochemical component (a
polymer electrolyte membrane-electrode assembly with gas diffusion layers and
metal current collectors).

Table 4.1 Properties of the photovoltaic and electrochemical components used for
the IPEC device implementation.

Material InGaP-GaAs-Ge
Active area (effective) 1 cm®(91%)
Number 4 (in parallel)
. Total surface area (effective) 4 cm® (91%)
Photovoltaic Cell open circuit voltage at 500 3.1V
component KW /m?"
Cell short circuit current at 500 7.3 A
kW /m*
Fill factor at 500 kW /m? for one cell”  86.5%
Type Proton exchange
membrane
Active area 25 cm?
Electrochemical Catalysts (potential at 1 A/cm?) ItRuOx/Pt (1.7 V)
component Electrolyte Nafion® 115
Porous transport layers Platinized titanium
screens
Bipolar plates Titanium

*The 4 cells used to make the photovoltaic component (provided by CESI Sp.A) are measured by
the manufacturer nsing a Pasan BV'-81 AM1.5D concentration cell tester at 25°C temperature
and at 500 EW/n7’ irvadiation intensity.

The reference PV component is made of triple junction InGaP-InGaAs-Ge cells
unless otherwise stated. A dual junction InGaP-InGaAs cell is also used, particularly
for the stability testing presented in section 4.2.1. The properties of the dual junction
cells are presented in Table 4.2b.
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4.2.1 Design, fabrication and stability of the photovoltaic component The PV
component incorporated III-V material-based triple junction InGaP-InGaAs-Ge
solar cells from CESI SpA. These cells were designed for terrestrial CPV applications
and produced with MOCVD technique. They have the polarity of n over p. Our
device design included a photoactive area of 4 cm’, hence 4 cells of 1 cm® each in
parallel are utilized to prepare our photovoltaic component. A single cell of 4 cm®
could have also been equally used. Each cell was 10.06 mm in width and 10.92 mm
in length, with two 0.4 mm busbars/metal contacts made of silver, and coated with
a flash of gold to avoid oxidation.

A 2 mm thick titanium square stage (as can be seen in Fig. 4.1) of dimension 2.2 cm
was designed for integrating the photovoltaic component directly on the anodic flow
plate. The back side of the four solar cells was conductively glued on the titanium
stage using the EPO-TEK H20E-FC epoxy. The top n-side of the solar cells was
connected to the cathodic plate via the combination of copper ribbon and electrically
masked steel screws. In an earlier version of the device, the four cells were glued on
a square copper plate of 2.2 cm edge length, which was then glued on the titanium
stage. However, this approach involves using the epoxy twice (between the solar
cells and copper plate and between the copper plate and titanium stage) which
introduced higher electrical as well as thermal resistances. In order to minimize these
losses, design approaches reducing the number of layers of the EPO-TEK epoxy
should be used.

The process of conductive glue application is critical as earlier attempts showed
increased resistance (in the rage of 0.01-0.02 Q) between the PV p-type contact and
anodic plate leading to large voltage losses (in the range of 0.4-0.8 V at 40A current).
The improved attempts comprised of mechanical polishing of the Ti square stage
(the surface where solar cells are to be glued) to ensure surface flatness as well
removal of any oxide layer. Further a small quantity of EPO-TEK H20E-FC was
first applied with a needle on the stage and then spread evenly to make a visibly thin
layer on top of which the solar cells were appropriately positioned. This epoxy allows
enough working time before it starts solidifying and its curing requires heat treatment
in an oven. The solar cells are then gently pressed against the glue layer to ensure full
area contact. The EPO-TEK H20E-FC was cured for 90 minutes at 80°C in an
electric oven, followed by natural convection cooling for 90 minutes before any
further use. The PV cells on the titanium stage were then wire-bonded to each other
in order to create the parallel connection. Aluminum wires of 33 um diameter with
wedge-wedge wire bonding technique were used. An example of photovoltaic
component (on the copper plate) is shown in Fig. 4.2(a). 60 wires were used for the
wire-bonds between the cell-to-cell-horizontal (central busbars) connections, and 24
wires per connection were used between the busbar-to-busbar-vertical connections.
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Overall, this allowed a good homogeneity of current distribution over the entire PV
component. The most important parameter governing the overall IPEC
performance is the number of wire-bonds (or equivalently the resistance) between
the PV components and the specially designed copper ribbon. This number was kept
at 60 bonds from each external busbar-to-copper and 24 bonds between each central
busbar-to-copper, in order to maintain PV-Copper contact resistance below 0.5 m€.
The prepared PV component on Ti stage with PV-copper wire bonding is shown in
Fig. 4.2(b). The copper ribbons (or paths) were 0.5 mm thick and 0.5 cm wide, with
an average charge transfer length — from the PV to the cathode’s electronic
conductor — of 4.6 cm, giving a copper resistance of 0.31 mQ for each ribbon (out
of four).

a) b)
Coppel —— = L W
plate

Gold
coated n-

type
contact Protective
— Epoxy
Wedge- Wedge
Wedge wire Wedge wire
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Anodic Ti
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Permatex
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gasket
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Epoxy | ~. Steel top

+———— cooling
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Fig. 4.2 A typical example of the prepared PV component (on the copper plate)
with wedge-wedge bonding incorporating aluminum 33 um diameter wire is shown
in (a). The prepared PV component on Ti stage with PV-copper wire bonding is
shown in (b). The fully protected module conductively glued on the anodic Ti plate
and surrounded with steel cooling plate is shown in (c).

The different stages of PV component preparation of the integrated
photoelectrochemical (IPEC) device are presented in Fig. 4.2. The actual
irradiated/active area of the photovoltaic component is calculated taking into
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account the over-spreading of the epoxy and it is found to be 91% of the designed
photoactive (4 cm® area. The implemented protected PV component in its final
stage is shown in Fig. 4.2(c).

The triple junction (reference case) InGaP-GaAs-Ge and dual junction InGaP-
InGaAs cells are provided by CESI SpA, and in the table below the electrical
performances of these solar cells are reported. Data were measured using a Pasan
BV-81 AM1.5D concentration cell tester at 25°C temperature and at 500 kW /m?
intensity. All the results presented in this chapter are with respect to the triple
junction cell, unless otherwise explicitly mentioned.

Table 4.2a Measured performance parameters of the 4 triple junction InGaP-
InGaAs-Ge cells (active area 1 cm®) used to make the PV component.

Cell I V'ee MPP I@MPP 1I@MPP FF Eff.  Mean

no. [A] [V] (W] [A] [V] [%%0] [Y0] Irradiation
[W/m’)

1 7.285 3.101 19.58 7.095 2.759 86.64 39.15 500000

2 7.334 3.097 19.56 7.090 2.759 86.14 39.12 500000

3 7.331 3.099 19.56 7.075 2.764 86.07 39.11 500000

4 7.327 3.097 19.55 7.110 2.749 86.14 39.09 500000

Table 4.2b Measured performance parameters of the 4 dual junction InGaP-
InGaAs cells (active area 1 cm?) used to make the PV component for stability testing.

Cell I IV'ee MPP  I@MPP [I@MPP FF Eff.  Mean

no. [A] [V] [W] [A] [V] [0] [%]  Irradiation
[W/m’]

1 7.311 2.681 16.90 7.100 2.380 86.21 33.80 500000.0

2 7.321 2.680 16.89 7.066 2.390 86.07 33.78 500004.5

3 7.339 2.676 16.87 7.105 2.375 85.93 33.75 500002.3

4 7.314 2.678 16.87 7.119 2.370 86.14 33.74 500002.3

An integral part of the thermal management in our design is that the reactant, which
is the de-ionized (DI) water in this particular demonstration, flows directly over the
bare PV component and is in “fluidic connection” with the anodic channels. This
allows the excess heat produced in the PV to be managed, removed, and utilized by
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the electrochemical component. The direct contact of the reactant and the PV
component potentially enhances degradation, leading to instability in performance.
Tests were performed to study the stability of the bare PV component (without any
protection) under varying conductivities of DI water. Performance degraded rapidly
(~50% reduction in 1/, and FF in ~5 minutes) when immersed in DI water with
conductivities varied between 0.01-10 pS/cm, higher conductivities sustaining the
most severe performance degradation. This resulted from the PV cells’ internal
resistance (shunt resistance of around 1 MQ), requiring a lower water conductivity
(e.g. ~ 0.0005 uS/cm). Consequently, either the conductivity of the DI water should
be extremely low (<0.0005 uS/cm), or the PV’s n and p contacts should be protected
from direct contact with water. The latter option was adopted using a water resistant
epoxy resin EPO-TEK H70E-2 (Fig. 4.2(c)) and thus removed any possibility of
leaking current paths. With this protection, the component stability was ensured (see
Fig. 4.3). Stable output currents were observed for the PV immersed in DI water
(conductivity of 0.01 puS/cm) for more than 9 hours (at a selected voltage bias of
1.55 V) for varying irradiation conditions (on, off, and oscillations with 0.67 Hz).
The bias voltage of 1.55 V ensured that the operating point remained close to (but
still less than) the maximum power point of 1.7 V.

2'7.7 hr 5.54 hr 8.3.3 hr 11.08 hr

T

2 Under Dark
5_20_ (5.94 hr)
g Light-Dark Oscillations
= -40f . (1 Osc. per 1.5 sec)
= Under Light
O (3.7 hr)

-60.

8% 10000 20000 30000 20000

Time (seconds)

Fig. 4.3 The dual junction PV component’s performance under DI water
(conductivity 0.01 pS/cm) at a operating voltage of 1.55 V. The PV was exposed to
the 1.5 AM solar spectrum (VeraSol-2 LED class AAA solar simulator) with an
effective irradiation concentration of 1.5 with on-off light modulation (at an
oscillation of 0.67 Hz). The PV component tested here was prepared on top of a
ceramic plate.
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The stability testing was performed for a dual junction PV component which was
prepared on a ceramic plate. The adhesion of the epoxy on the ceramic plate was
weaker than on the Ti. This allowed for a small seepage of water from the top of the
PV to the back through the epoxy-ceramic interface. The small variation in the stable
output current under light was in the range of 1-1.7% around the average value (71.9
mA), and this same variation under dark was in the range of 12-17% around the
average value (6.9 mA). This increase in the variation with continued immersion in
water was attributed to the leaking of water through the epoxy-ceramic interface.
Similar stability was observed when the DI water’s conductivity was increased from
0.01 to 10 uS/cm, implying that the removal of any conducting path between the n
and p-type contacts of the PV was the only requirement for long-term under-water
operation and that the bare exposed surface of the PV cells was not affected by the
DI water. However, it should be noted that the EPO-TEK H70E-2 resin used for
protection of the wire-bonds and contacts does absorb and retain small quantities of
DI water (weight gain of ~0.7% when immersed in water for 10 days). The amount
was too small to cause any immediate negative impacts. However, for practical
implementation, this might mean that a replacement of the protection after about 2
years of continuous under-water operation might be required, or an alternative
protection material or strategy may need to be found.

4.2.2 Design and preparation of electrochemical component The EC is
composed of one 25 cm’ (active area) membrane-electrode-assembly (MEA),
sandwiched between two gas diffusion layers (GDL) and two bipolar flow plates
(BP). The MEA represents the core of the electrochemical component. It consists
of a proton exchange nano-porous solid conductor and semipermeable membrane,
coated with catalyst particles on each side. The choice of the solid ionic conductor,
i.e. the polymeric electrolyte membrane, allowed for: i) the achievment of very high
electrochemical current densities, ii) efficient operation at moderate temperatures
(between 40-80°C), and iii) use of a neutral pH reactant in the delivery channel
assembly and the reaction channels. The membrane has the function of conducting
the protons and separating the produced gases. The catalyst layers catalyze the
reactions, transport the electrons and holes to the active sites, and allow the reactant
and products to be distributed and evacuated through its porous structure. An MEA
from Fuel Cells Etc is used. The proton exchange membrane was a 127 pm thick
perfluorosulfonic acid polymer (Nafion® 115) known to have a good proton
conductivity, limited gas crossover (therefore ensuring high purity), and good
mechanical, chemical, and thermal stability (up to 280°C [98]. In order to limit
hydrothermal stresses (exacerbated above 120°C [99]) and to guard against
membrane dry out [27], our EC operation is limited to temperatures below 80°C.
The anode catalyst coating consisted of iridium-ruthenium oxide nanoparticles, with
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aloading of 3 mg/cm? (exchange current density of ~ 10° A/cm?[100]). This noble-
metal oxide was chosen in order to ensure high activity at high current densities
because the relatively sluggish kinetics of the OER can be a limiting parameter for
the global performance of electrolyzers [101]. This rare material also shows good
stability at a high anodic electrical potential and at a low pH, conditions under which
non-noble materials typically corrode [102]. The cathode catalyst coating consisted
of platinum black, with a loading of 3 mg/cm? (exchange current density of ~ 107
A/cm?[103]).

GDLs are multifunctional components which guarantee a good electrical connection
between the MEA and the BP ribs, ensure a good mass transport of fluids between
the BP channels and the MEA, and provide a certain mechanical stability to the
MEA. The GDL used in this study for both anode and cathode compartments were
ultra-thin (102 um) platinized titanium screens, provided by Fuel Cell Store. These
GDL usually exhibit a good resistance to corrosion and erosion. The titanium
screens were platinized in order to avoid their oxidation into titanium oxide at the
anode compartment (due to the presence of oxygen), which is known to highly
increase the electrical resistance of the cell [61].

BPs have multiple roles: i) they ensure a proper supply of water to the GDL and
removal of produced gases via the integrated channels, ii) they act as current
collectors and distributors, collecting the charges generated in the PV component,
distributing them over the larger area electrolyzer through in-plane conduction, and
transferring them to the GDL via the ribs, and iii) they guarantee the mechanical
stability and tightness of the device. Additionally, BPs provide a simple way to
connect the device to a power supply via a ring style blade connector in order to
characterize and test the cell in the isolated electrolyzer mode. The BPs are designed
in-house and are 3D printed (3D precision SA). Given that the anode plate is
vulnerable to corrosion due to the presence of oxygen and a high operating potential,
the plates were made of titanium. For both of the anode and cathode BPs, the flow
fields were designed following a straight channel pattern, with rectangular channels
having a width of 4 mm and a depth of 5 mm, ribs having a width of 4 mm, with a
total thickness of 7 mm.

The components were assembled by positioning the MEA and GDL in the center
of the BP. For tightness, Teflon” gaskets (cut following the geometry of the cell by
water jet machining) were positioned around the MEA and GDLs and clamped with
8 bolts at a torque of 2 Nm.

The I-1” characteristics of the typical electrolyzer assembly, measured at a flow rate
of 400 ml/min for temperatures between 16-53°C, are presented in Fig. 4.4 (right -
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axis). The spread between the curves shows the positive effect of increasing the
temperature on the electrolyzer performance in the low current density operational
region |78].

It is observed in our previous modeling work 78] that changing the flow rates for
the electrolyzer leads to the formation of two distinct regions of operation. Region
I is characterized by temperature effects (low flow rates require less over-potential
for the same current), and region II is characterized by mass transport limitations
(high flow rates require less over-potentials for the same current). Here, this behavior
is experimentally confirmed. Mass transport limitations occurred at current densities
of 0.5 A/cm’:;c and very low water flow rates of around 50-70 ml/min (I-I” curves
shown in Fig. 4.4, left y-axis), while for higher flow rates (1-4 1/min) the mass
transport limitations were not observed, even at current densities as high as 2
A/em’ic (refer to Fig. 4.12(b) corresponding to a different electrolyzer assembly
used for the integrated operation testing).
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Fig. 4.4 Characteristic I-V curves of a typical electrolyzer assembly measured at 400
ml/min and temperatures varying between 16, 27, 42, and 53°C (right y-axis), and at
varying flow rates between 50(19°C)-70(23.5°C) ml/min (left y-axis). The three
curves for varying flow rates show the formation of two distinct operating regions
(I and II) caused by the intersection of the curves in a small potential region (around

1.87V).

106 | Page



4: Experimental Demonstration

The dynamic response of the EC and the test-bench (discussed in section 4.2.4) is
presented in Fig. 4.5(a). It should be noted that measured H, mass flow presented in
Fig. 4.5 is actually the cathode side output gas stream flow and this flow not only
contains H, but may also contain small quantities of water vapor (refer to section
4.2.4). An electrolyzer assembly was tested by enforcing varying constant currents of
30, 34, 38, 42, 46 and 50A (equivalently at current densities from 1.2-2 A/cmgc?) for
around 1 min and the resulting output cathode gas stream’s flow rate was measured.
The blue curve in Fig. 4.5(a) shows the fast response of the EC and test-bench in
response to the set current (or equivalently expected mass flow) as per the orange
curve. It is noted that the difference between expected and measured mass flow rate
increases with increasing operating current density and this is attributed to the
increase in the device temperature leading to increased water vapor content in the
output gas flow stream. Alternatively, the measured H, mass flow (red curve) is
plotted in Fig. 4.5(b) for varying operating currents, along with the theoretically
expected Hy mass flow (black curve). This curve is generated while performing the
I-17 sweep (at a current sweep rate of 2 A/min). It is noted that the measured flow
is in good agreement with the expected flow with only deviations observed at very
low currents (<4 A or <0.16 A/cmgc?) attributed to small flows at these currents
and the accuracy of the flowmeter. Deviations from expected flow rate are also
observed at a high current density which is attributed again to the increased
temperature and hence increased water vapor content in the output gas flow stream.
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Fig. 4.5 (a) Variation of measured hydrogen mass flow rate with time, during the
experiments when EC (in separated mode) is characterized with changing operating
currents of 30, 34, 38, 42, 46 and 50 A. The orange curves show the expected mass
flow rates theoretically calculated for each current. (b) The plot showing the relation
between the measured hydrogen flow rate and the operating current when EC is
characterized separately. Furthermore, the black curve shows the theoretically
expected mass flow for each current.
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4.2.3 Design of the IPEC device As illustrated in Fig. 4.1, the back side of the
solar cells is in direct contact with the anodic bipolar plate through a conducting
glue. On the n-side, the solar cells are connected in parallel and wire-bonded to the
cathode plate through copper ribbons and conductive screws. The electrically
conductive screws are cylindrically insulated, allowing charge transport only from
the copper ribbons to the cathode plate. The photo-generated holes are transported
from the backside of the solar cell to the anode plate, while the photo-generated
electrons are transported from the top of the solar cells to the cathode plate.

The solar component is covered with a 3D printed stainless steel plate for cooling
and reactant delivery (Fig. 4.1). The plate incorporates rectangular flow channels with
the same width as the length of the PV component, fully immersing the PV
component in the reactant (i.e. DI water). These channels directly communicate with
the anodic channels allowing for the preheated water at the outlet of the plate to
directly feed to the EC. The delivery plate is used to convectively remove a large
portion of the thermalized energy in the solar cell. The remaining portion is removed
by heat conduction to the anodic BP. This thermal management approach limits the
operating temperature of the solar cell, which is known to have dramatic impacts on
performance [26], [104|, and enhances the kinetics of the electrochemical
component. The delivery plate has two inlets in order to ensure a homogeneous
water distribution and to allow for varying flow rates in the channels.

The radiation absorption in the top water layer is minimal in the absorption range of
the photovoltaic component as the layer thickness is only 4 mm [78], [105]. A design
variation could arrange the delivery channels around or beneath the PV component
and, hence, not disturb the input light. However, the heat transfer is more efficient
when the reactant flow is arranged directly on top of the PV [106]—[109].

An insulating layer made of PEEK material was sandwiched between the cooling
plate and the anode plate in order to avoid parasitic charge transport to the delivery
plate. In addition to the 8 bolts of 4 mm diameter used to tighten the EC plates, 16
more steel screws of 2 mm diameter were used to clamp together the Ti plates along
with the top steel cooling plate. This further contributes to the overall tightness of
the device. Additionally, Permatex 82180 gasket maker was used to cover the gaps
and uneven surfaces which significantly helped in making the device water and gas
leakage proof.

A solar glass with a transparency of 0.91 (for 320-1900 nm wavelengths) is mounted
in the aperture. This CIPEC device design can be utilized to carry out photoinduced
oxidation or reduction of any reactant, not being limited to the photoelectrochemical
production of hydrogen. The CIPEC device in its testing stage is shown in Fig. 4.0.
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Fig. 4.6 Photo of the fabricated and tested concentrated IPEC device mounted
vertically on the test-bench.

4.2.4 Testbench and characterization procedure The process and
instrumentation diagram of the test bench used for the photoelectrochemical tests
of the device is shown in Fig. 4.7 and implemented test bench is shown in Fig. 4.8(d).
The two global inputs of the process are solar irradiation and water. Hydrogen,
oxygen, and the over-stoichiometric water were collected at the device outlet. Tap
water (at a pressure of about 3 bar) was used as feedstock. The input water flowed
through a deionizer (Thermo Fisher Scientific Inc. Ion exchange cartridge DI 2800),
reducing the water conductivities to 0.1 uS/cm. The DI water was supplied to the
IPEC device at given flow rates, controlled by a programmable peristaltic pump
(Baoding Shenchen Precision pump V6-12L/2-YZ35). At the outlet of the device,
water traps were used to separate the produced oxygen and hydrogen from liquid
water. Even if no water was supplied or produced at the cathode compartment, water
was still collected on the cathodic side, since it crossed the membrane during
electrolysis operation by molecular diffusion, permeation, and electro-osmotic drag
[110]. While the trapped water was automatically drained, the dry gases streams were
sent to high accuracy gas flow meters (Natec Sensors GmbH, Gas Mass flowmeter
- type M), recording their flow rates. The flow meters also provided information
about the temperature and pressure of the produced gases. Check valves were used
in order to avoid any backflow from the ambient air towards the system.
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Fig. 4.7 Process and instrumentation diagram of the test bench. The output light of
the xenon lamps is reflected from the ellipsoidal reflectors and concentrated on the
CIPEC device. DI water flows to the anodic compartment of the device. The over-
stoichiometric (anode) or crossed over (cathode) water was trapped/separated from
the reaction products (anode: oxygen, cathode: hydrogen). The position of
temperatute, pressute, voltage, and output gas flow sensors/meter are also indicated.

In order to mimic the concentrated solar irradiation, a 45 kW multisource high-flux
solar simulator (HFSS) was used [111]. It is particularly challenging to demonstrate
large PV area based operation at high irradiation concentrations, primarily because,
as the active PV area increases it becomes increasingly difficult to have a
uniform/homogenous irradiation distribution on the PV area. Our HFSS facility
allows the utilization of a tailored combination of its eighteen 2.5 kW, xenon lamps
to achieve uniform flux profiles on target areas as large as 4 cm” The HFSS
comprises of eighteen 2.5 kW, radiation modules which are arranged over the
surface of a virtual sphere whose radius is 1933 mm (measured from the lamp
position). Each irradiation module is composed of one short-arc xenon lamp,
coupled to one reflector (truncated ellipsoidal mirror of high-surface quality). A
detailed description of the HFSS can be found in Leveque et al. [111]. A picture of
the integrated photoelectrochemical device exposed to the HFSS is shown in Fig.
4.8(b). The spectrum of the lamp plus reflector system is not identical to the ASTM
G173-03 AM1.5G solar terrestrial spectrum hence the I, of the reference II1-V cell
(measured under AM1.5G spectrum, see Fig. 4.9) was used to calibrate the grayscale
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maps obtained with the CCD camera (Basler scA 1400-17 gm, 1.5 MP, 12 bit pixel
depth) for varying lamp configurations (giving varying irradiation concentrations)
of HFSS. A typical irradiation map in the focal spot at a concentration of 411 is
presented in Fig. 4.8(a), confirming high uniformity. The maps for the other
irradiation concentrations are shown in section 4.2.5.

For homogeneity purposes, the concentrated irradiation was distributed on an area
much larger than the solar cell. In order to protect the zones of the device that were
not supposed to be irradiated, an in-house designed protective shield (see Fig. 4.8(b))
was used in front of the device. The protective shield is made up of Aluminium and
is also 3D printed (by 3D Precision SA). A square window was provided at the center
of the protective shield, in front of the PV component. Given the high irradiation
concentrations on the protective shield, it was water cooled.

A network of thermocouples was used to record the inlet and outlet temperatures
of water and of the anodic plate. A resistive temperature detector (RTD-PT100) was
stuck on the backside of the cathode plate in order to measure operating
temperatures inside the cell. A pressure transducer (Omega Engineering, Digital
pressure transducer PXM409) was installed at the outlet of the cathode plate, in
order to measure the pressure of the produced hydrogen. Both anode and cathode
plates were connected to a voltmeter, in order to measure the operating potential of
the cell. Gantner Q.bloxx A101 was used as the data acquisition board for
thermocouples (along with Omega TC-08). A combination of CCD camera (Basler
scA 1400-17 gm, 1.5 MP, 12 bit pixel depth), a Lambertian target, and reference I11-
V solar cell were used to calibrate the radiative flux distribution before starting the
tests. An IR camera (FLIR A655sc) was used to measure the temperature distribution
over the surface of the reactor during operation.
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Fig. 4.8 (a) Irradiation flux profile for an average concentration of 411 as received
by the IPCE device’s photoactive area (20 mm by 20 mm) measured using a
combination of Lambertian target, CCD camera and reference III-V PV solar cell
for average concentrations of 411. The iH (inhomogeneity) factor (=max-min/avg.
conc.) is 33%. (b) Photo of the test bench with the integrated photoelectrochemical
device mounted on an adjustable chassis via a device holder. HFSS with its 18 lamps
is on the left and the IPEC device on the chassis is on the right side of the photo.
The protective shield shown in (c) is used to protect the zones of the devices that
are not supposed to be irradiated. Top right corner of the photo (b), has the vertical
cabinet housing the power source and loads, water traps, flow-meters, peristaltic
pump. The implemented test bench showing different components like flow meters,
water traps, peristaltic pump, de-ionizer, water heater (only used for EC testing at
varying temperatures) is presented in (d).
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For the isolated individual PV and EC characterizations, a high precision
potentiostats (BioLogic VSP300 and Biologic HCP-803), a power source (EA-PS
8080-60 DT), and a power load (EL3160-60) were used. A four-point probe method
was used for carrying out current versus voltage measurements, particularly at high
currents. The effective operating irradiation concentration was defined with respect
to the measured short circuit current (i) of the reference solar cell. The reference
cell was first characterized (see Fig. 4.9) under Wacom WXS-220S-1.2 class ATATA”
solar simulator under standard test conditions (AM1.5G, 100 mW/cm? 25°C) at
CSEM, Neuchatel. The I from the reference cell characterization was then used to
calibrate the grayscale maps obtained with the CCD camera for varying lamp
configurations of the high flux-solar simulator. It should be noted that the short
circuit current density for the cell is 140 A/m’ The flux maps showing the
distribution of irradiation on the PV area as well as the average concentration
received by the PV are shown in Fig. 4.10.
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Fig. 4.9 Reference III-V cell characterization curve under 1 sun. (Note: Using
Wacom WXS-220S-1.2 class A"A"A" solar simulator under standard test conditions
(AM1.5G, 100 mW/cm?, 25°C)).

The testing protocol for the system was as follows: the anode compartment was
swept with de-ionized water at room temperature at a constant flow rate of ~ 1
1/min for about 4 hours in order to fully hydrate the Nafion® membrane. During the
last 15 minutes of the hydration period, the cathode compartment was swept with
nitrogen at a constant flow rate of 5 mg/s, in order to completely remove all air,
specifically the oxygen. At the end of the hydration period, the operating mass flow
rate of water was set using the peristaltic pump and the irradiation concentration was
progressively increased using the HEFSS with a continuous measurement of all
relevant parameters (flow rates, temperatures, pressure, and electric potential)
through data acquisition boards connected to a computer.
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4.2.5 Irradiation flux characterization under HFSS The exact irradiation flux
falling at the photo-active area of the device can be measured and visualized using
the Lambertian target, CCD camera, and reference III-V cell. The measured flux
maps’ inhomogeneity can be quantified by defining an inhomogeneity factor, iH. iH
is the ratio of the difference between the highest and lowest concentration in the
relevant area of the measured profile to the average concentration. The iH for
different profiles is less than 33% for higher concentrations and was as low as 10%
for lower irradiation concentration. It should be noted that even better homogeneity
configurations (iH <10% for C = 411) can be chosen, though, this would require
centering the IPEC device to a different in-plane location (each time for each
concentration change). Figure 4.10 shows the flux profiles for wvarious
concentrations. It should also be noted that for an average concentration of 474 (Fig.
4.10()), the inhomogeneity is very high (iH = 88%). This high inhomogeneity is
detrimental to the device, the device at this concentration and with this flux map
showed physical damage as the solar glass as well as its supporting epoxy glue on the
left bottom corner broke after ~3 minutes of operation. The breakage at left bottom
corner is aligning with the flux map and its local hot spot at that position.

It should be noted that the operation at higher concentrations (i.e. >474) is not
limited by the device itself but by the current setup of the high flux solar simulator
(HESS). In fact, the 18 lamps of our HESS can be individually positioned to achieve
more homogenous flux maps even at concentrations as high as 1000 on a 20 mm by
20 mm target area. However, this would require manual positioning of each lamp
and scouting for a lamp configuration which gives homogenous fluxes at these high
concentrations; and hence was not attempted for this experimental campaign.

It should also be noted that the spectrum from the HFSS’ short-arc xenon lamps
(Osram XBO 6500W) is not exactly similar to the ASTM G173-03 AM1.5G solar
terrestrial spectrum, the exact comparison is plotted in [112]. Additionally, the
spectrum coming from the ellipsoidal reflector will be different than the source lamp
spectrum and to avoid any discrepancy in the measurement due to spectral
mismatch, I, measured under A"A"A" solar simulator for reference solar cell was
used to calibrate the HFSS lamps. The top cell i.e. the InGaP is the limiting cell in
our triple junction cells provided by CESI SpA, and hence a spectral mismatch
between a xenon lamp and actual solar irradiation will cause slight overestimation of
the current for the xenon lamp as shown by Doscher et al. [74]. However, the
approach of using the L. of the reference cell measured under an A"A"A" solar
simulator having spectrum identical to the real solar spectrum for calibrating the
grayscale maps of HFSS allows avoiding any overestimation.
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Fig. 4.10 Irradiation flux profiles as received on the integrated photoelectrochemical
device’s photoactive area (20mm by 20 mm) measured using a combination of
lambertian target, CCD camera and reference III-V PV solar cell for average
concentrations of (a) 48.8, (b) 74.8, (c) 117, (d) 150, (e) 191, (f) 218, (g) 249, (h) 293,
(i) 411 suns, (j) 474. The iH factor are (a) 22%, (b) 11.7%, (c) 22%, (d) 21%, (e) 25%,
(f) 28%, (g) 29%, (h) 33%, (1) 33%, (j) 88% respectively.
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Results and Discussion

Several approaches for the definition of STH efficiency were introduced during the
last years [113], [114], in order to benchmark the different demonstrations. Here,

n~F~m-E£q

Tlsth = W > (4-1)

in

is used where 7 is the number of participating electrons and equals 2 for hydrogen

evolution, FFis the Faradays constant, M [g/mol] is the molar mass of hydrogen, m
[g/sec] is the mass flow rate of produced hydrogen, E,, (~1.229 V') is the equilibrium

potential at standard conditions (neutral pH, T'= 25'C and p =1 atm), and P,, [W] is
the incident irradiated power. The irradiated power equals the global horizontal
irradiation (GHI) as no tracking is considered. An alternative and equivalent
definition is

1, Eg
TTstu :quF’ (4'2)

in

where 7, 1s the faradaic efficiencies and I, [A] is the operating current. For the case

of concentrated irradiation, Py is given by C.fin.Apv where C is the irradiation
concentration, defined as the ratio of the power incident on the concentrator area to
the effective power received on the photoactive area, L., [W/m’] is the incident
irradiation intensity, and Apy is the photoactive area. STH efficiency can further
include an index which represents the averaging time considered for the efficiency
measurement [114]. In our case, a test over 2 hours (~10* seconds) is performed, so
the reported solar-to-hydrogen efficiency corresponds to 7g,, . The STH efficiency
can also be defined using high heating values of hydrogen in the numerator, and/or
using the direct normal irradiance (DNI) instead of global horizontal irradiance
(GHI) in the denominator (for concentrated applications). A compilation of various
ways of defining and using STH efficiency is presented in section 4.3.1 and in this
chapter, standard equilibrium potential and GHI values are used for fair and realistic
comparisons.

4.3.1 Discussion about the definition of Solar to hydrogen efficiency

The solar-to-hydrogen efficiency, which is defined using solar energy as the input
and produced hydrogen’s chemical energy as the output, is the most widely used
parameter to quantify the performance of this energy conversion process.
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Alternative methods for defining solar-to-hydrogen efficiencies were introduced
during the last years [113], [114], in order to benchmark the different reported
efficiencies. Globally, the STH can be quantified as:

-
o == (4.3)

in

Where l.mz is the molar flow rate of the produced hydrogen, AE is the specific energy

of hydrogen, and I, is the total solar irradiation incident on the device. For proper
benchmarking and comparison purposes, here different parameters included in the
formulation are defined.

a. Definition of the hydrogen molar flow rate n u,

For the produced hydrogen, the most realistic approach is to use the measured flow
of the dry and pure hydrogen at the output of the process. Note that the produced
hydrogen always contains a certain amount of water vapor and oxygen, due to their
transport across the separator by diffusion, permeation and electro-osmotic drag. A
proper gas composition analysis should be performed in order to quantify the purity
of the produced hydrogen. Given that this approach requires not only an appropriate
gas dehumidification and purification process (in order to completely remove water
vapor and oxygen from the produced hydrogen) but also a high accuracy gas
flowmeter, many studies calculate the hydrogen flow using directly the operating
current of the device (giving equivalent equation as 4.2):

n, =21, (4.4)

where I, is the operating current, F is the Faraday constant and 7, is the Faradaic
efficiency of the device. This latter should be used in order to take into account the
competitive reactions occurring in the electrodes (a part of the current is used to
drive those competitive reactions instead of the water splitting reaction) and the
hydrogen crossover across the separator (a part of the produced hydrogen is lost due
to crossover across the separator, and which depends on the separator material and
the operating conditions). Generally, the crossover is lower for solid acid electrolytes
than alkaline separators and is only important at low current densities.

b. Definition of hydrogen’s specific energy AE

The definition of hydrogen’s specific energy depends on the hydrogen energy
conversion process and the form in which one consumes that energy. For the
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process where hydrogen is converted in a fuel cell, water is generally produced in
vapor phase through an electrochemical reaction with oxygen. In this particular case,
the enthalpy of water formation in vapor phase should be considered as the
reference. Regarding the form in which energy is consumed, one can distinguish the
conversion into electrical energy or into heat. Obviously, not all the chemical energy
of hydrogen can be converted into electrical energy, whatever the conversion
process. The Gibbs free energy AG = AH —TAS should be used in order to consider
the maximal reversible work that can be obtained from the thermodynamic system.
The different thermodynamic potentials that can be used, as well as the
corresponding thermoneutral voltages, are summarized in Table 4.3.

Table 4.3 Reference thermodynamic potentials of hydrogen, and corresponding
thermoneutral voltages.

Thermodynamic potential Value Thermoneutral
considered for AE [k] /molis] voltage [V] (AE/2F )
Total enthalpy, vapor phase 241.8 1.253
(AH )

Total enthalpy, liquid phase 285.8 1.481
(AH,0)

Gibbs free energy, vapor phase 228.6 1.184
(AGyg)

Gibbs free energy, liquid phase 237.1 1.229
(AGHZO(,) )

It should be noted that the natural phase of water in standard conditions is liquid.
That is the reason why the enthalpy of water formation in the liquid phase is generally
used, considering that latent heat of water condensation can be recovered [114].
Regarding the form of energy, while some authors consider only the maximal
reversible work (Gibbs free energy) (e.g. Nakamura et al. [68], J.William et al. [82],
Bonke et al. [77]), others consider all the reaction enthalpy, taking into account the
reaction entropy (e.g. Peharz et al. [69]). As a global reference for benchmarking, the
Gibbs free energy of hydrogen with water production in the liquid phase can be
considered, which corresponds to a thermoneutral potential of 1.23 V for the
efficiency calculation.
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c. Definition of the total solar irradiation I,

i
I is the total equivalent solar irradiation incident on the device. It can be directly
measured outside using a pyranometer (given the photoactive area) if the solar
irradiation is used as the input. The diffuse and diffracted part of that incident
irradiation are not exploitable in concentrated devices (they use only direct
irradiation as non-direct part can’t be focussed), and this represents a technical
limitation which should be taken into account while benchmarking the devices.
Furthermore, the spectrum differences between the solar simulator (if used) and the
real solar irradiation should be considered because they can induce non-negligible
performance differences. The total equivalent solar irradiation can be calculated as:

f=—tn (4.5)
F F F;SS

DST* GSI

where 7%,

n

is the total irradiation measured at the solar cell position, Fpsr is device

solar transmission factor, Fasr is the global solar irradiation factor, and Fsss is the
solar simulator’s spectrum factor.

- Device solar transmission factor Fpsr
The device solar transmission factor is the ratio between the irradiation that really
reaches the surface of the solar cell and the incoming solar flux on the device.
Depending on the design, a part of irradiation can be lost due to scattering in the
solar glass, cooling water, catalyst particles etc. The global irradiation can be
considerably higher than the incident irradiation on the solar cell.

- Global solar irradiation factor Fes
This global solar irradiation factor represents the ratio between DNI and GHI. In
concentrated PEC devices, a first and direct limitation is the fact that only the direct
part of the irradiation (~85%) is exploitable [115]. This technical limitation should
be considered while benchmarking the devices performances. For devices without
any irradiation concentration, Fesi is equal to 1.

- Solar simulator’s spectrum factor Fiss
Fsss factor is the ratio between the total energy output of the system obtained using
solar irradiation and the total energy obtained using an equivalent solar simulator,
for the same total irradiation intensity. Indeed, even if the flux is the same, the
spectrum is slightly different [74|, and this can considerably impact the performance
of the device.
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In our reported values, the flux map characterization and calibration with reference
cell’s I, under AM1.5G spectrum eliminated further incorporating of the Fsss and
Fasi. And our STH efficiency with Fpsrof 0.91 is 15.6%.

4.3.2 Efficiency and performance of CIPEC device 7., = 17.2% is measured
utilizing the measured incident irradiation on the photovoltaic component as P, and

the measured mass flow rate of dry hydrogen as m. The corresponding measured
operating current was 22 A, i.e. a current density of 0.88 A/cmgc” and 6.04 A/cmpy”.
The I-17 characteristics of the individual components (measured separately) at the
operating concentration of C = 474 are shown in Fig. 4.13.

At 474 kW /m? the characteristic curve of the photovoltaic component crosses the
electrolyzer’s curve at a voltage of about 2.03 V, the operating voltage of the CIPEC.
The device was operating in the plateau region of the photovoltaic component.
Thus, the operating current was very close to the maximum achievable current (short
circuit current). Given that the hydrogen production rate is proportional to the
operating current, it can be stated that the device was performing close to its
maximum production point. It is also worth noting that the CIPEC is designed to
operate at concentrations which can reach 1000 kW/m?’, but the experiments were
stopped at 474 kW /m® due to experimental challenges related to stray radiation on
the protective shield and the corners of the solar glass, both increasing as we moved
the device closer to the focal plane in order to reach higher concentrations.
Eventually, the glass and the epoxy glue broke at the corners (see section 4.2.5)). The
driving force for high irradiation concentrations is related to cost: at 1000 kW / m?
the estimated cost of production for hydrogen is predicted to be 32% lower than the
cost at 474 kW /m?, based on a techno-economic analysis performed by Dumortier
etal. [21].

Our measured efficiency drops to 7y, = 15.6% if the solar input generated from the

solar simulator is considered (instead of the irradiation that really reaches the surface
of the solar cell). This ~10% difference is due to irradiation extinction in the solar
glass and in the reactant water on the top of the solar cell.

For a comparison with other demonstrations, it should be noted that the same
irradiation should be utilized, i.e. all demonstrations — independent of whether they
use concentrated irradiation or not — should use GHI instead of DNI. This reduces
the efficiency of demonstrations using concentrated irradiation (usually based on
DNI) as only direct irradiation is useful [115]. Hence appropriate correction factors
should be used for the reported efficiencies, defined based on DNI [68], [69], [84]
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and compared with GHI-based efficiencies. Correction factors are also needed for
efficiencies reported based on the thermoneutral voltage (i.e. 1.48 V) instead of the
standard equilibrium voltage, i.e. Gibbs free energy [09], [84]. Ager et al. [79]
compiled a list of the major PEC demonstrations up to 2015. This list is further
extended, making it consistent with our efficiency definition according to Eq. (4.1),
and included demonstrations after 2015 [68], [80]—[82], [77], [84], [94]. Here, the
STH efficiency for the various PEC device demonstrations is compared with respect
to the objective functions of 7) output power (Fig. 4.12), and 7) operating
electrochemical current density (Fig. 4.11). In addition, the photovoltaic and catalyst
materials are categorized into inexpensive (lighter color = more inexpensive) and
expensive (darker color = more expensive) categories, and the degree of integration
of the photovoltaic and catalysts is categorized: from integrated and partially
integrated (wired catalyst), to non-integrated PV plus EC configurations. This
further allowed to separate demonstrations employing a different number of series-
connected PV to EC ratios.

Figure 4.11 shows that the highest electrochemical current densities together with
high STH efficiencies were generally achieved using a combination of expensive
photovoltaics (I1I-V based) and expensive catalysts (rare metal based). It also shows
that CIPEC devices generally show higher operating current densities compared to
non-concentrated devices. Our demonstration at C = 474 showed the highest
reported electrochemical (0.88 A/cmec’) as well as photovoltaic (6.04 A/cmpy?)
current density while maintaining a high efficiency (17.2%). Additionally, Fig. 4.11
demonstrates that integrated devices operate at better performance than non-
integrated or series-connected devices. This leads us to argue that thermal and
electronic management (as achieved in our device) is a good rationale for the
integration of photoabsorber (such as PV) and catalyst (such as complete EC)
components.

It should be noted that the output power and current density in Fig. 4.12 and Fig.
4.11 are in logarithmic scale. Our output power of 27 W is at least 27 times higher
than the second-best output power demonstrated for a single PEC cell [69], and
around two orders of magnitude higher than most other demonstrations. Even the
recent advancement by Fallisch et al. [84] (based on the work of Peharz et al. [69)]),
in which they combined 8 PEC cells in parallel to make a mini-module, showed a
total power of only 9W, and with a hydrogen production rate three times lower (i.e.
274 mg/hr) than what is demonstrate here with a single cell (821 mg/hr). This large
output power at high efficiency, and for a predicted cost-competitive device [21],
opens a pathway for device scalability towards the large-scale deployment of
photoelectrochemical water splitting.
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Fig. 4.11 Reported STH efficiencies and reported, or derived (from the reported
STH, P, and EC area), operating electrochemical current densities for different
demonstrations (references and details can be found in table 4.4 and section 4.3.3).
The shape of the points shows the photovoltaic and catalyst configuration (whether
2] /3] PVs or integrated /non-integrated device designs). The fill color shows the type
of the photovoltaic material used along with cost, being inexpensive (lighter color),
or expensive (dark color). The boundary color shows the type of the catalyst material
along with cost: inexpensive (green), or expensive (black). The symbol with the single
dot on top represents a configuration which has multiple series-connected ECs per
PV. The symbol with the tilde on top represents a configuration having multiple
PEC units or cells “fluidically” connected in series or parallel. The symbol with a star
represents a configuration deployed with external dc-dc based maximum power
point tracking for power matching. The number in the brackets next to the symbol
represents the demonstrated irradiation concentrations. If no number is indicated,
then no concentration is used or no concentration data were reported or derivable.

The three demonstrations with higher efficiencies than ours [68], [80], [94] can be
categorized into two types. One being demonstrators which employ a different
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number of ECs (in series) for one single PV component (68|, [94] and the other
being a demonstration which deploys an external dc-dc converter for power
matching between the PV and EC [80]. Connecting PV components or EC
components in parallel is similar to increasing the PV and EC active areas.
Connecting PV components and EC components in series, however, can open new
ways to achieve higher STH efficiencies. This is what is shown by Nakamura et al.
[68] (3 series-connected PVs with 5 series-connected ECs), and by Jia et al. [94](1
PV with 2 series-connected ECs), who employ multiple ECs per PV, which has the
potential to boost the STH efficiencies by the ratio of series-connected ECs to PV.
It is claimed that one of the strengths of our device design is that it can employ close
thermal and electronic integration, together with the possibility of having a different
number of series-connected PV and ECs. It is predicted that our device STH
efficiency will increase to 34% (according to Eq. (4.1)) if we deploy a 2/1 EC/PV
ratio at the operating EC current density of 13.6 mA/cm® This is the same Jopic that
was demonstrated by Jia et al. at an efficiency of 31%. It is predicted that the STH
efficiency of our device will increase to 28.7% if we deploy a 5/3 EC/PV ratio at
Joprc of 18.8 mA/cm’ (demonstrated by Nakamura et al. [68] at an efficiency of
19.4%).

However, simply aiming for record STH efficiencies at the expense of low current
densities is not meaningful for practical and competitive implementation. The
pressing issue now is to achieve high operating current densities at high efficiency,
and this is particularly important for the devices made of expensive and high
performing PV and EC materials (as used in all these devices). As shown in our
earlier modeling work [75], there exists a tradeoff between these two objective
functions, leading to the formation of a Pareto front, implying that STH efficiency
and EC operating current density cannot be maximized at the same time. But, in
fact, the product of efficiency and operating current density must be maximized for

an optimal and cost-effective performance. A simple maximization of 7y, xJ,,

predicts that our demonstrated device should be at least 50 times more cost-effective
than the high efficiency and low current density demonstrations reported previously
[68], [94].

The different ratios of series-connected EC/PV can be deployed only when the
operating point of the PEC device is not at the maximum power point of the PV
component, this is a way of power matching the PV and EC components. The same
aim is achieved by using an external dc-dc converter, as done and shown by Chang
et al. [80]. They started with a non-optimal design and operation of the PEC device,
where the gap between the operating power and the maximum power delivered by
the PV components was very large (even larger than the losses in the external power
electronics components), and the device had a low operating current density of 5.6
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mA/cmec’. For their configuration, they showed that the efficiency can be boosted
from 18.4% to 20.6% when using the dc-dc converter. The efficiency in a well-
designed device is only limited by the J. of the PV at 1 sun under standard
conditions.

The only other demonstration showing higher STH efficiency (without employing
any external converters or series-connected PV/EC) was by Licht et al. [85], and
resulted from a higher PV J.c (14.9 mA/cm” under std. conditions) given by the dual
junction. It should be noted that the typically achieved i for dual junction III-V
cells is higher than that of triple junction cells, and hence, normally, dual junction
III-V cells will lead to higher STH efficiency. But, they are also limited by the lower
Vo, and consequently their potential to reach higher electrochemical current
densities is limited.

4.3.3 Photoelectrochemical demonstration review All major experimental
photoelectrochemical hydrogen generation demonstrators and their corresponding
STH efficiency, electrochemical and photovoltaic current density, output (hydrogen
equivalent) power (ie. IpE'q), and the underlying integration method
(integrated/semi-integrated /non-integrated) and the incorporated catalyst and PV
materials are compiled here. The list of major demonstrators till 2015 are taken from
Ager et al. [79], and the list is further extended to include recent demonstrators till
2017 ([68], [80]—[82], [77], [84], [94]). PV component involving full or partial TII-V
material is categorized as expensive, and similarly, EC components involving full or
partial rare earth elements (Pt, Ru, Ir, Pd etc.) or their oxides are categorized as
expensive. There are three modes of integration; 1) fully integrated implying no wired
catalyst, ii) partial integrated implying at most one wired connection between PV and
catalytic part (gray highlighted), and iii) non-integrated approaches where the PV is
macroscopically wired to the EC.

It should be noted that standard equilibrium potential (corresponding to the Gibbs
free energy) and GHI should be used for a fair comparison among different
demonstrators and hence appropriate adjustments are made to the values which do
not follow this convention [68], [69], [77]. Additionally, a simple estimation of the
best possible efficiency with I1I-V based photovoltaic (without de-dc converter) can
be obtained from the L. (assuming PV has high enough 1 and fill factor, FF, such
that the operating point lies in the plateau region of PV and hence assuming I,,~1)
under no concentration. Care should be taken in interpreting the cases where the
STH efficiency is much higher than those allowable from the PV’s L. [77].
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Fig. 4.12 Reported STH efficiencies and reported/derived (from the reported STH,
Py, and EC area) output power for different demonstrations (references and details
can be found in Table 4.4). The shape of the points shows the photovoltaic and
catalyst configuration (whether 2J/3] PVs or integrated/non-integrated device
designs). The fill color shows the type of the photovoltaic material used along with
it being cheap (lighter color) or expensive (dark color). The boundary color shows
the type of the catalyst material along with it being cheap (green) or expensive
(black). The symbol with the single dot on top represents a configuration having
multiple numbers of series-connected ECs per PV. The symbol with the ~ on top
represents a configuration having multiple numbers of PEC units or cells
“fluidically” connected in series or parallel. The symbol with a star represents a
configuration deployed with an external dc-dc based MPP tracking for power
matching. The number in the brackets next to the symbol represents the
demonstrated irradiation concentrations, if no number is indicated then no
concentration is used or no concentration data was reported or derivable.
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The demonstrator’s review plot showing the output power and STH efficiency along
with various material/device configurations (presented in Fig. 4.12) re-iterates that
high performance/ (here) high output power is normally achieved with expensive
but best performing PV and catalyst materials (same behavior was noticed for
current density comparison plot).
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4.3.4 Stability and dynamic response of CIPEC device The HFSS is used for
providing varying irradiation concentrations with uniform (inhomogeneity, :H =
(CrasCoin) | Cang, around 20%) irradiation profiles on the IPEC. The IPEC device is
tested at concentrations varying between 117 and 474. The results of an 18 minute-
test at each concentration are shown in Fig. 4.13(a). Each of the output mass flow
profiles presented in Fig. 4.13(a) show a transient ‘on’ region (~200 sec.), a stable
(~600 sec.) operating region, and a transient ‘off” region (~300 sec.). The recorded
flow rate profiles are for produced hydrogen with a small quantity of water vapor.
This water vapor crossed over from the anodic channels via the Nafion® membrane
to the cathodic channels. Any liquid water present in the cathodic side is collected
in the water trap (installed just before the mass flow meter), so that only the water
vapor could find its way to the flowmeter. An excess mass in the range of 13-20%,
measured by the flowmeter, was attributed to water vapor. It is confirmed by gas
chromatography that the produced gas was mainly composed of hydrogen.
Theoretical calculations show that the specific humidity of saturated hydrogen is ~
13% and ~ 22% respectively at 15 and 25'C. At a concentration of 411, a daily
production of hydrogen of 4.255 g would be expected (with around 6 hours of
operation).

The dynamic response of the system (i.e. the transient response at the light on and
light off in the range of 100s of seconds) is governed by the switch on and off
characteristics of the HFSS’s xenon lamps and their fluctuations. Normally each
lamp takes around 200 seconds to reach a stable output, correspondingly, on/off
transients of the recorded output gas flow profiles (presented in Fig. 4.13(a))
recorded for the entire experimental setup (including a solar simulator, IPEC device,
and measurement test-bench) are in the same range. The IPEC device showed stable
output for varying concentrations, however, the small fluctuations around the
average value in the steady operating regime are more dominant for higher
concentrations (above C = 150). The standard deviation for each of the profiles (for
the time range of 200-800 seconds for which the device is in steady state) increases
from 0.002 to 0.004 mg/s (equivalently 1-3% variation around average) for
concentrations of 117 to 411. These fluctuations are a direct result of the fluctuations
in the Xe arc of the HFSS’s Xe arc bulbs. For separately measured irradiation maps,
where the time evolution of the maps was tested, it is confirmed that the lamps
themselves produced an average concentration fluctuating within 1.25 — 3% (for
low-high concentration), and increasing for higher concentrations. The temperature
variations (measured at the cathode plate) for the 10 minutes at a steady state were
less than 0.5°C, and hence these variations are not believed to cause noticeable
fluctuations in the measured flow.
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Fig. 4.13 (a) Measured hydrogen mass flow rate produced with changing irradiation
concentration. Reactant flow rate is 4 1/min. Each ~18 minutes of the expetiment
has a characteristic on and off transient (in the range of 200-300 seconds) and a
steady operation of about 10 minutes. The on/off transients and the fluctuations in
the steady operating range resulted from the time characteristics of the HFSS and its
Xe arc bulbs. The steady state temperatures recorded at the back of the cathode plate
with a thermal pad sensor are shown in red. (b) Measured characteristic curves of
the PV and EC components (measured separately) of the IPEC device at varying
irradiation concentrations. The PV curves at C = 411, 474, and 1000 were
extrapolated from the measured parameters at C = 265. The EC curve was measured
at an input DI water flow rate of 4 1/min. (c) Stable output hydrogen flow rate at
C=117 for a total time of around 2 hours.
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For all the concentrations tested, the operating points lied in the plateau region (i.e.
I, ~ L) of the PV, as the operating voltages are all less than 2.04 V (for the input
liquid water flow rate of 4 1/min).

The system is designed to be operated at an irradiation concentrations of ~1000
suns, however, due to the technical limitations imposed by the high flux solar
simulator (refer to section 4.2.5) the tests were concluded only till 474 suns. For
higher concentrations, the uniform flux on the IPEC can be achieved only by
moving the device closer to the focal plane of the lamps and by using the inner ring
lamps of the HFSS, however, this also increases the intensity in the surrounding area
(non-PV area of the device). A water cooled aluminum protective shield is used to
protect the device from this unwanted irradiation but the flux peaks on the shield as
well as solar glass corners become increasingly strong limiting the current tests till
474 suns.

As discussed in section 4.2.5, the flux becomes quite heterogencous at a
concentration of 474 suns, which led to breaking of the solar glass forcing the
experiments to be stopped under 8 minutes where only 1-2 minutes of device’s
steady state performance could be recorded.

The performance potential of the implemented device extrapolated to C = 1000 is
presented in Fig. 4.13(b). The extrapolating is based on the separate I-]” curves of
the PV (extrapolated from measurements at C = 265) and EC (measured at input
flow rate of 4 1/min) components. With the operating point at 2.3 V and 46 A (1.84
A/cmec’, 11 A/cmpy?) the estimated STH efficiency is 17%, with the output power
of 57 W having a hydrogen production capability of 1.77 g/hr.

An integral part of our IPEC device is the input reactant mass flow rate, which
controls the individual components’ temperature and mass transport of the EC and,
consequently, the operating point of the device. The operating potential of the device
is directly dependent on the input water flow rate and the input irradiation
concentration. For a particular concentration, decreasing the water mass flow rate
(within a reasonable limit, so as to still maintain the device temperatures below 80°C)
increases the EC’s temperature and causes the electrochemical overpotentials to be
reduced (see Fig. 4.4); hence the device operates at lower operating voltage. For
example, for a concentration of 150 suns, a total overpotential drop of 0.25 V was
recorded when the flow rate was decreased from 3.8 1/min to 0.34 1/min. The
temperature in the EC component (measured with the surface thermal pad sensor at
the back of cathode plate) was found to increase from ~25 °C to 60 ‘C. Similar
significant overpotential drops were recorded for C = 250 (~0.3 V drop) and C =
411 (~0.4 V drop) when the water flow rates were reduced from 4 1/min to ~0.3
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1/min. However, for safety reasons, it is decided to operate the system at a high flow
rate of 4 1/min. This behavior reversed when device is operated at very high
concentrations or very low flow rates (Fig. 4.4), where the performance is limited by
mass transport in the device.

It should be noted that a setup allowing uniform fluxes on the PV area without
causing intense stray radiation on other parts of the device could be safely operated
at low flow rates of 0.3 I/min even at high C, and this would allow the device’s
operating potential at, for example, 1000 concentration to be even lower than 2.3 V.

Furthermore, to verify the reproducibility of the performance, the IPEC device was
characterized on many different days while keeping the experimental conditions
similar. For the analyzed case where the input irradiation concentration was 117x, a
variation of ~3.4% was noticed in the measured output H, flow rate, along with
variation of ~2% in the measured (backside cathode thermal pad) temperature.
This confirms the reproducibility of the IPEC device’s performance. In fact, testing
the reproducibility of the flux maps from the HFSS showed that the lamps
themselves reproduce the flux maps with an accuracy of ~1-3% (for low to high
concentrations).

The stability of the integrated device was confirmed by measuring a stable (non-
decreasing) output gas flow rate for ~2 hours, shown in Fig. 4.13(c). The stable
output hydrogen flow rate was measured for an irradiation concentration of 117.
The output gas flow profile had a slightly increasing trend with time, which was
attributed to the fact that the device temperature increased from 20°C to 32°C after
3000 seconds. Afterwards, the variation in the temperature was within 1 degree
Celsius (1.e. 32-33°C or ~3%), in a similar range as the variations of the output gas
profile (within 5-7% around the average value of 0.068 mg/s).
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An integrated photoelectrochemical hydrogen generation device was demonstrated,
operating under concentrated irradiation. A record output power (27 W), and a
record current density (0.88 A/cmec’, 6.04 A/cmpy’) was achieved while maintaining
a high efficiency (17.2%), all at an irradiation concentration up to 474 times.
Irradiation concentration permits one to limit the active area, and thus to lower the
cost of a device, making even rare and expensive components competitive. A I11-V
material based triple junction photovoltaic component was used. The photo-
generated current was diluted (dilution factor of 0.15) in a larger active area (proton
exchange membrane based) electrochemical component (with IrRuOx/Pt catalysts),
in order to limit the potential losses. The device used several innovations in the
design, consisting of an integrated reactant delivery/preheating flow field on the top
of the photovoltaic component for smart thermal management, and custom
designed conductive paths for close electronic integration. Thermal management
proves to be a solid rationale for CIPEC devices, allowing significant improvement
in operating potential with controlled reactant flow rates. Performance, dynamic
response, and stability testing showed that the device has the ability to produce
hydrogen flexibly, with high efficiency in different conditions, and over a long period
of time.

From performance testing, it is understood that the electrolyzet’s overpotential is a
limiting factor for achieving higher current densities. If high performing electrolyzers
which have lower activation overpotentials are used, the operating current density
can be considerably enhanced. Lewinskia et al. [148] demonstrated a high efficiency
electrolyzer that can reach current densities up to 18 A/cm” at a voltage lower than
2.8 V. Thus, this electrolyzer can be efficiently integrated into the PV component
used in this study, which has an open circuit voltage of 3.1 V at 500 suns. This
solution could be very interesting for PEC devices working under high irradiation
concentration. The devices could operate at high current densities and at high
efficiency without current dilution in a larger electrolyzer, and could also use dual
junction solar cells, known to give higher efficiencies. Furthermore, incorporating
different combinations of PV and electrolyzer components in series for the studied
integrated device design is also a promising strategy for maximizing energy
conversion efficiency while keeping acceptable current densities.

High current densities can be achieved by increasing irradiation concentration. Our
device has the potential to operate at concentrations as high as 1000 while continuing
to function in the plateau region of the photoabsorber. To be economically
competitive, further research and development should focus on the development of
less expensive solar cells and catalyst materials which can be operated in such a
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device in an efficient way. The approach demonstrated here at high power and
current densities has the potential to produce hydrogen with high performance, at a
cost that appears competitive with conventional fuels, providing a promising
pathway for a hydrogen-based renewable future.

Our device can be scaled by changing the irradiation concentration and by changing
the active area of the concentrator. Alternatively, multiple concentrator-IPEC units
can be connected in series/parallel to meet the increased workload. Furthermore,
the device is expected to survive more than 30’000 hours with limited degradations,
given the degradation characteristics of its individual components and by the
potential for flow based control of operating conditions. With a demonstrated largest
output power of 27W and predicted long-term stability, this CPEC approach opens
a pathway for device scalability towards the large-scale deployment of
photoelectrochemical water splitting.

It should be noted that the function of the demonstrated CIPEC device is not limited
to the photoelectrochemical production of hydrogen, but in general extends to the
photoelectrochemical production of any chemical commodity in liquid, gas, or solid
form. For example, the CIPEC can also be deployed to reduce CO,, for the
electrochemical production of ammonia, to purify water, for the electrochemical
production or purification of metals, etc. Our approach, as demonstrated,
contributes to new pathways for renewable solar fuel production technology and
begins to bridge the gap between academic research and the goal of industrial
implementation.
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Conclusions and Prospects

In this thesis, the direct conversion of solar energy and water into a storable fuel
(hydrogen) was investigated via integrated photoelectrochemical (IPEC) devices.
The thesis started with proving the economic viability and sustainability of the
integrated photoelectrochemical devices working under concentrated irradiation
with the help of a quasi-transient techno-economic and environmental model, the
results of which were briefed in the introduction of the thesis and are detailed
elsewhere |[21]. Further, a highly coupled multi-physics 2-dimensional non-
isothermal model applicable for integrated PEC devices (with or without irradiation
concentration) was developed and validated. Based on this model, heat transfer was
studied in detail for such devices and thermal management strategies were
developed. The model confirmed the importance of reactant mass flow rate as an
important operational parameter whose control allows optimum power point
operation of the device. Finally, the thesis utilizes all the guidelines formulated during
the modeling work in the development of a CIPEC device not only proving the

concept but demonstrating one of the highest photoelectrochemical current density
(0.88 A/cmec’, 6.04 A/cmpy?) operation at high conversion efficiency (17.2% STH).

In chapter 1, the focus was on the modeling of a device design which uses
concentrated solar irradiation to reduce the use of rare and expensive components
(i.e. light absorbers and catalysts). A 2-dimensional coupled multi-physics model was
presented, which uses finite element and finite volume methods to predict the
performance of the IPEC device. Then performance optimization strategies were
developed utilizing device design, component and material choice, and adaptation of
operational conditions. The model accounted for charge generation and transport in
the photoabsorber, charge transport in the membrane-separated catalysts,
electrochemical reaction at the catalytic sites, fluid flow and species transport in the
porous charge collectors and channels, radiation absorption in semiconductor (and
water), and heat transfer for all components. The model predicted that operation
under high irradiation is possible and that dedicated thermal management can ensure
high performant operation. The model showed to be a valuable tool for the design
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of IPEC cells under concentrated irradiation at elevated temperatures. To the best
of the knowledge, it is the most detailed yet computationally economic model of an
integrated photoelectrochemical device ever reported. In summary, the multi-
dimensional multi-physics model allows for in-depth physical understanding
providing insights and guidance for the development of efficient, cost-competitive
and practical PEC devices.

In chapter 2, the focus was on the heat transfer and thermal management which were
shown in chapter 1 to be crucial for devices operating under large irradiation
concentrations. With dedicated thermal management, detailed 2-dimensional multi-
physics modeling predicted high performance. Changing the flow rate of the IPEC
device lead to the formation of two distinct regions of operation of the device. Two
competing operational parameter spaces were observed: 1) thermal effects enhance
performance in the zone of low operational current density, and ii) mass transport
limits dominate in the zone of high operational current density (saturation current
of the electrolyzer component). These competing effects lead to tradeoffs between
device efficiency and hydrogen evolution rate, which were quantified using Pareto
frontiers. The effects of various operational (irradiation concentration, reactant flow
rate), material (catalytic exchange current density, active specific surface area), and
dimensional (membrane/separator thickness, gas diffusion layer thickness, catalyst
layer thickness) parameters on the objective functions of the STH efficiency and the
output production rate were quantified. The performance was found to be quite
sensitive to the parameters of irradiation concentration, reactant flow rate,
membrane thickness, and exchange current density and not very sensitive to all the
rest parameters analyzed. Smart thermal management — only possible through
integrated device design — helped in achieving efficient and low-cost production of
solar fuels, and could further alleviate degradation-related performance decreases
over the lifetime of the device. IPEC device designs combined with smart thermal
management proved to be a practical and economically feasible approach to solar
fuel processing, and allow circumventing limitations imposed by materials. The work
opens new pathways for smart application of thermal management in
photoelectrochemical devices providing guidance towards practical realization of
high performant PECs.

In chapter 3, the conversion of solar energy into chemical fuels via IPEC devices is
further numerically investigated by assessing their reaction to time-dependent
changes in the operating conditions and the material properties. This is achieved by
deploying the model developed in chapter 1 and 2 to further include the degradation
of various components. The degradation of the materials over the lifetime of the
device as well as the daily and seasonal changes in incoming irradiation pose a
challenge for the stable and secure supply of fuel from such devices. To tackle these
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issues, performance optimization strategies were developed utilizing adaptation of
operational conditions. The water mass flow controller is shown to act as an
optimum power point tracker for the IPEC device. This helped in achieving
stabilized efficiency and production during the daily irradiation variations where
production increase in the range of 1-8% is shown to be achieved using just a mass
flow rate controlling profile. The developed strategies highlight that the operation of
the IPEC during the complete lifetime should be considered in addition to the initial
design point of the device. The developed strategies show that mass flow control is
a powerful tool for efficient device operation and degradation alleviation, allowing
to exclude any external power electronics and providing an opportunity for the
dynamic response of PEC devices. The work enables PEC devices to produce in a
stable, reliable, durable and robust way in spite of sustained/fluctuating disturbances.

In chapter 4, the learnings from the previous chapters have been implemented to
realize a lab-scale prototype with 4 cm” photoactive area and 25 cm” electrochemical
active area working under concentrated irradiation. Achieving high current densities
while keeping a good energy conversion efficiency is one of the main challenges to
enhance the competitiveness of photoelectrochemical devices for solar fuels
production. In this chapter, a CIPEC water splitting device was demonstrated that
can reach current densities higher than 0.88 A/cmgc’, with an STH conversion
efficiency of 17.2 % (based on Gibb’s free energy). That high current density, which
was reached thanks to irradiation concentration (up to 474, realized with good
homogeneity through high flux solar simulator) combined with a patented
innovative smart thermal management concept, is the highest reported for an
integrated photoelectrochemical device to the best of the knowledge and is in
industrially relevant magnitude. The photoabsorber and electrocatalysts were
implemented in direct contact where an innovative design approach allowed for
active thermal management between them, and for close electronic integration which
limited overall connection resistance to few milliohms. Thermal management is
shown to reduce the losses in an intermediate-high current density range and enables
operation at even larger concentrations. Performance, dynamic response, and
stability testing (> 2 hours) for the device was presented, demonstrating the device’s
ability to produce hydrogen with high efficiency in varying conditions, and over a
long period of time. The device operates at the largest demonstrated output power
of 27 W, opening a pathway towards scalable and large-scale deployment of PEC
water splitting. The prototype design, implementation-testing approach and fast
prototyping methods disclosed here would benefit the community in studying
various other photoelectrochemical approaches. The demonstrated approach has the
potential to produce solar-fuel with performance better than other
concentrated/non-concentrated approaches and at costs competitive to those of
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conventional fossil fuels, providing promising pathways for a hydrogen-based
renewable future.

Some suggestions for the future work are presented herewith. Though, the model
developed and detailed in the thesis is one of the most complete yet computationally
economic, there are certain physical phenomena which could be included in the
model to make it even more complete.

One suggestion is to incorporate the multi-phase mass transfer modeling, including
bubble evolution and transport. The evolution of hydrogen and oxygen leads to
bubble creation (with liquid water as input). This is critical specifically for the oxygen
evolution on the anode side as it contains liquid water in the anodic chamber and
hence has two-phase flow. Due to this evolution of the bubbles, the over-potential
for the electrochemical reaction may increase and would demand more driving force
to carry out the reaction. The bubbles may also lead to blocking of active
electrocatalytic sites [149], [150]. Hence it is of much importance to study the effects
of bubble formation and transport. These phenomena can be modeled in
COMSOL® by laminar two-phase flow and phase fields which describes the two-
phase flow dynamics using a Cahn- Hilliard equation [151].

The model currently doesn’t account for optical simulation in the concentrator and
hence to optimize the concentrator by reducing the optical losses as well as by
increasing the range of the spectrum going to the PV, it is proposed to develop a
coupled ray-tracing model for concentrator using Monte Carlo method. This
implementation could be based on the VEGAS 2011 platform which is a MC ray
tracing code developed at ETH Zurich [152].

Our integrated solar driven water splitting demonstrator can even use water in gas
phase i.e. water vapor as the reactant. The humid air’s content of water vapor (under
normal temperature and humidity conditions) is significant enough to provide the
needed water flux. In fact, using water vapor instead of liquid reactant as the input
has several potential advantages. Blocking of active electrocatalytic sites [14], [149],
[150], as well as other adverse effects (mentioned previously) which are associated
with bubble formation, are alleviated by using water vapor as the feedstock. An
additional benefit comes from the less driving force required for the gaseous water
than for the liquid water reaction [49]. However, feeding H.O(g) to the integrated
photoelectrolysis system presents challenges with respect to ionic transport, and
reactant and product gas transport. In this regard, the model could be extended
(including vapor’s temperature dependent properties and updated diffusivities) and
used to analyze device’s performance when fed with vapor. Based on the modeling
work the updates could be made to the demonstrator prototype which could be used

142 | Page



5: Conclusions and Prospects

to carry out experiments proving the concept. Though it should be noted that
operating with air based water vapor would have much lower saturation current of
the electrochemical component thus limiting the overall operating current density of
the device. This approach could be practically viable only for cheaper photo-
active/catalyst materials and for applications which do not require high
photoelectrochemical current density operation.

The thesis has led the way towards the development of a scalable prototype for solar
based hydrogen as well as on-site power and heat generation. The said prototype’s
development work is in progress. Two of the most important results of the thesis’
work, which led to the invention of a cost-effective efficient H, generation pathway,
are the development of thermal management strategies (smartly taking heat from
electrolyzer and supplying it to the photoactive part) at high concentration of light
that result in efficiency enhancements; and the design and development of
controller/controlling strategies utilizing only water mass flow controlling to actively
track the optimum power point of the system during the day and in turn counteract
the adverse effects of device degradation. My aim is to take the lab-scale
demonstration and proof-of-principle and develop a technology which can be scaled
into a real product. The integrated design allowing smart thermal management for
optimized efficiency and the mass flow based controller for optimum power point
tracking has been patented under the international patent application
no. PCT/IB2017/055019 filed on August 18, 2017 claiming priotity of the
“Provisional” European Patent Application no. EP16020308.9 filed on August 19,
2016 and the US provisional patent Application no. 62/376,923 filed on August 19,
2016.

Following the promising results of the lab-scale prototype, I started working towards
the scaled-up prototype whose design is shown in Fig 5.1. The prototype is planned
to have a collector (parabolic concentrator) area of 40 m* with the potential to
produce 12 kW of electrical power along with ~16 kW of heat. The prototype’s Ha
generation potential is 2 kg/day (fully solar, only day operation) and more for
combined off-peak grid electricity based operation. At current Swiss electricity prices
and consumption, the prototype could power 5 average Swiss households. With this
prototype, my aim is to achieve a full-fledged co-generation system capable of
producing heat, electricity, and fuel, for which a system level design is already in
place. Furthermore, it is of prime importance and challenging for the photovoltaic
component to receive homogenous/uniform light flux from the parabolic dish
collector for which the work on developing a novel homogenizer is ongoing.

Product ratios among heat, fuel and electricity can be freely tuned depending on the
needs of consumer. Though this flexibilszation would require modeling and
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development of a smart switch (to be integrated at photovoltaic-catalyst interface)
and the aperture controller (to be integrated in the flux homogenizer). Research work
is planned to explore and quantify these co-generation abilities of the system which
is expected to push the efficiency up to 70%. My aim is to connect the prototype to
a compressed hydrogen storage facility, integrate it in a complete energy generation-
distribution-utilization simulator system (i.e. EPFL’s Distributed Electrical Systems
Laboratory’s smart grid system simulating large-scale integration of renewable’s into
grid infrastructures), and test it for an elongated time under realistic on-sun
conditions gathering extensive diagnostics data.

CIPEC device— — — —

‘ 7 __ _ Parabolic
| X concentrator

ol — — Gas storage

¥ " System
controller

Fig. 5.1 The schematic showing the design of the product-scale prototype
incorporating a parabolic concentrator with the patented concentrated integrated
photoelectrochemical device and system controller.

In summary, the thesis provided detailed model to analyse and design a PEC,
presented deployment of thermal management smartly to improve and optimize
performance, provided reactant flow based innovative controlling method to tackle
the inherent disturbances and disclosed the recipe for fast prototyping of high
efficient high current density PECs which could be used in the community for not

144 | Page



5: Conclusions and Prospects

only researching solar-driven production of hydrogen but photoeectrochemical
genration of any chemical. The thesis provides a pathway towards practical
implementation of solar fuel generation approaches and helps in bridging the current
gap between PEC research and its industrial realization.
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