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“Things are only impossible until they are not”
Jean-Luc Picard

Zusammenfassung
Die Reduktion des Wärmebedarfs für industrielle Prozesse, insbesondere im Fall der
Niedertemperaturprozesse (T < 150 °C), bietet große ökonomische Vorteile und ein hohes Potential zur
Senkung von CO2-Emissionen. In Hinblick auf die Ergebnisse zahlreicher Energieaudits in der
Ernährungsindustrie sollten sich die Bemühungen aufgrund des geringeren Umsetzungsaufwandes
zuerst auf Effizienzmaßnahmen konzentrieren, wie z.B. bei Wärmerückgewinnung und Optimierung
der Prozesse. Sind die Effizienzpotentiale ausgeschöpft, bieten nur noch erneuerbare Energie zur
Wärmeversorgung weitere Potentiale zur Reduktion von fossilen Wärmebedarf und CO2- Emissionen.
Zur Bereitstellung von erneuerbarer Wärme in diesem Temperaturbereich sind derzeit drei
Technologien relevant: Solarthermie, Photovoltaik und Wärmepumpen.
Daher wurden umfangreiche Simulationen in dem genannten Temperaturbereich durchgeführt, um den
spezifischen Ertrag von Solarthermie- und Photovoltaik-Anlagen in Abhängigkeit von Kollektorart,
Prozess- und Außentemperatur sowie jährlicher Sonneneinstrahlung zu ermitteln. Variierende
Rahmenbedingungen wie Einflüsse durch Prozesslast und -profil, Kapazität des Wärmespeichers sowie
Zeiten ohne Wärmebedarf wurden ebenfalls berücksichtigt.
In einem weiteren Schritt wurde eine Methode entwickelt, mit der schnell die Wärmegestehungs- bzw.
CO2-Vermeidungskosten einer solarthermischen Anlage mit drei weiteren Technologiekombinationen
(Widerstandsheizung durch PV-Strom, Wärmepumpe mit Netz- und PV-Strom) verglichen werden
kann. Somit kann in einem letzten Schritt ermittelt werden, auf welche Art und Weise die erneuerbare
Wärme am günstigsten bereitgestellt werden kann und damit CO2-Emssionen verhindert werden
können. Die entwickelte Methodik ist hierbei sehr flexibel auf verschiedenste Standorte,
Prozesstemperaturen und -lasten sowie heutige und zukünftige Investitionskosten anwendbar. Somit ist
quasi eine universtelle Verwendung bei einem Modellfehler von weniger als 5% (quadratischer
Mittelwert) gegeben.
Die Ergebnisse zeigen, dass unter den derzeitigen Gegebenheiten Solarthermie in dem meisten Fällen
kostengünstigere Wärme im Vergleich zu Photovoltaik erzeugen kann. Lediglich in sonnenarmen
Gebieten bei Prozesstemperaturen oberhalb von 100 °C kann Photovoltaik vorteilhaft sein. Dagegen
können sowohl Netz- als auch PV-Strom betriebene Wärmepumpem günstigere Wärme bereitstellen,
unter der Voraussetzung, dass sie einen Großteil des Jahres in Betrieb sind. Bei weniger als 1000
Volllaststunden im Jahr ist jedoch auch hier Solarthermie die bevorzugte Technologie. Um Emissionen
kostengünstig zu reduzieren, ist Solarthermie in allen Fällen die mit Abstand effizienteste Lösung, es
sei denn eine Wärmepumpe wird ganzjährig mit Strom betrieben, der einen niedrigen CO2Emissionsfaktor aufweist, wie z.B. Atom- oder erneuerbaren Strom. In naher Zukunft werden weitere
Kosteneinsparungen bei Photovoltaik- und Wärmepumpensystemen erwartet. In Hinblick hierauf zeigt
die Analyse, dass die Kosten zukünftiger schlüsselfertiger Solarthermieanlagen in sonnenarmen
Ländern 200 €/m²ap und in sonnenreichen Ländern 300 €/m²ap nicht überschreiten dürfen. Nur so werden
Solarthermieanlagen auch in Zukunft die günstigste Technologie zur Bereitstellung erneuerbarer Wärme
im Niedertemperaturbereich sein und somit einen wesentlichen Teil zur Wärmewende beitragen.

Abstract
The reduction of energy consumption in industrial processes, notably within low temperature industries,
leads to greater economic gain and lower carbon emissions. Numerous energy audits and case studies
within the food and beverage industry suggest that initial efforts to reduce energy consumption should
focus on energy efficiency measures such as heat recovery and process optimization due to their lower
cost of implementation. Eventually, however, an efficiency limit is reached and the only way to further
reduce thermal energy consumption and carbon emissions is by implementing renewable heat solutions.
Three technologies are of main interest: solar thermal collectors, photovoltaics, and vapor compression
heat pumps.
To determine their feasibility for low-temperature (< 150 °C) industries, solar thermal and photovoltaic
process heat plants are simulated under numerous boundary conditions, elucidating their specific energy
yield potential as a function of technology type, process and ambient temperature, and annual solar
irradiation. The negative effect of process load and profile, thermal storage size, and facility outages on
annual specific yield is also considered in this work.
An assessment methodology is developed that compares solar thermal against three other technology
couplings (direct-resistance photovoltaic heating, grid and photovoltaic powered heat pumps),
determining the lower cost heat generation or carbon abatement technology. The methodology is
designed to be near-universally applicable and highly flexible, allowing for variations in geographical
location, process temperature, production schedule, and both present and predicted future technology
investment. In nearly all cases, the methodology has a model prediction error of less than 5% (rootmean-square).
Results indicate that, at current conditions, solar thermal produces lower cost process heat than directresistance photovoltaics in most cases, excluding processes above 100 °C in regions with limited solar
irradiation. Grid and photovoltaic powered heat pumps produce lower cost heat when operating for the
majority of the year but become the more expensive renewable heat technology when operating less
than 1000 hours annually. To abate carbon, solar thermal is the clear choice unless a heat pump has
access to very low carbon electricity, primarily from nuclear or renewable sources. In the near future,
photovoltaic and heat pump capital investments are expected to decrease. In turn, solar thermal must
drive down costs to safeguard its vital role in the renewable energy future. Using the developed
methodology, solar thermal should conservatively target turn-key plant investments of no greater than
200 €/m2ap in lower solar irradiation regions and 300 €/m2ap in higher solar irradiation regions to
protection itself against other competing renewable heat technologies.
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1 Introduction
1.1 Background and motivation
Climate change is happening. The Earth is warming due to human activity and development. At the
United National Climate Change Conference in 2015 in Paris, it was decided to attempt to limit the rise
of Earth’s global temperature by century’s end to no greater than 1.5 °C. For this to be realized,
monumental reductions of carbon emissions must occur in every facet of life, so much so that by 2050
the world must become carbon neutral and thereafter, a net carbon sink [1–3]. Currently 25% of all
greenhouse gas emissions are attributed to heat and electricity production, 24% to agriculture and land
use, 21% to direct use in industry, and only 14% and 6.4% to transport and buildings, respectively [4].
The requirement for heat, inclusive of all sectors at various temperature levels, is nearly half [5]. If
humanity is going to solve the climate change crisis, solutions must be created for low and zero carbon
heating across all temperature levels.
Heat is required in all aspects of life, from domestic water and space heating to the industrial
manufacturing of food, chemicals, and basic metals. The split between the domestic/commercial and
industrial heat demand is approximately equal [5–7], depending on accounting practices and temperature
level definitions. While significant work has been previously dedicated to heating and cooling in the
domestic and commercial sector, notably less has been pursued for industry due to non-uniformity in
required temperature levels, production schedules, and financial requirements. Industrial process heat
temperature requirements are very product dependent. Very high temperature (> 500 °C) industries
including steel, metal, and chemical production require the majority of global heat demand [5–8]. A
quarter of industrial heat demand is below 100 °C, most notably in the food/beverage, paper, and textile
sectors [6,8,9].
The production of food and beverage products is universal and found in every country. In Europe alone
approximately 7.3% of all energy consumed is dedicated towards food and beverage manufacturing
[10], in excess of 1300 TWh (primary energy) annually [11]. The United States is not far behind,
consuming over 600 TWh every year [12]. Energy use within this sector tends to be evenly split between
thermal and electrical needs [12–14], though it is highly dependent on the product [15–17]. Cooking
and drying processes consume more thermal energy than electrical [18–21], while the opposite is true
for products that must be chilled or frozen, requiring electricity to operate cooling machines [22,23]. To
reduce the energy and carbon footprint in the food and beverage manufacturing sector, two paths can be
taken: the application of energy efficiency and the integration of lower carbon renewable energy.
Energy efficiency and carbon dioxide reductions are key pillars of the European 20-20-20 climate and
energy targets, striving to increase efficiency and reduce emissions by 20% (as compared to 1990 levels)
by 2020. Energy efficiency at its core strives to reduce the quantity of energy used per mass or volume
of manufactured product. It can take on many forms, ranging from but not limited to heat recovery in a
brewery [24] and slaughterhouse [25], to boiler optimization [26] and the storage of waste heat [27] for
later use. Significant research and development has led to different methodologies to quickly identify
energy efficiency potential and ease integration efforts [28,29].
Once all efficiency measures are identified and implemented, the only way to further reduce thermal
energy consumption and carbon emissions is by using renewable and low carbon heating. There is little

Background and motivation

consensus to its future, as many technologies are currently vying for greater market share. Multiple
studies indicate that a combination of bioenergy, heat pumps, and solar thermal can provide the required
energy. Kempener and Saygin [30] believe that with aggressive policies a third of industrial heat demand
can be met with lower carbon sources by 2030 (13% biomass, 13% solar thermal, 7% geothermal/heat
pumps). By 2050, Taibi et al. [31] predict similar renewable process heat fractions from bioenergy
sources (16.5%) but less from solar thermal (2.7%) and heat pumps (2.3%). The International Energy
Agency (IEA) also favors bioenergy in its assessment [7], as it can achieve the higher temperatures (>
400 °C) necessary for heavy industry such as cement and steel production. In contrast to Kempener and
Saygin [30], they state that the use of solar thermal and heat pumps for industry remains a fringe
application with minimal impact due to their higher costs and technical limitations to achieve similar
temperatures as bioenergy [7]. Henning and Palzer [32], in a broad assessment of the German energy
system to achieve 85% renewable energy integration by 2050, show that solar thermal can provide up
to 10% of the industrial process heat demand. A cautious approach should be taken in relying too heavily
on bioenergy sources for heating, as recent work casts doubt on their “carbon neutral” and sustainability
claims [33–35].
One promising solution to reduce carbon emissions is to use the sun to generate renewable process heat.
Manufacturing processes, such as pasteurization, cooking, and cleaning-in-place in the food and
beverage industry, require heat below 100 °C and up to 150 °C if steam is needed at the supply level
[8,9,36–38]. Flat plate solar collectors can efficiently generate heat between 50 and 80 °C, vacuum tube
collectors up to 120 °C, and concentrating technologies like parabolic trough or linear Fresnel can
generate low pressure steam up to 200 °C [9,37,38]. This is one reason why solar thermal process heat
for industry has received greater attention in recent years as a way to reduce fuel use and carbon
emissions. This is also apparent in the international efforts of the IEA Solar Heating and Cooling (SHC)
Task 33, 49, and EU project InSun7 [39–41], which focus on the integration of solar process heat in
industrial applications. Numerous studies investigate the use of solar thermal in various industries like
dairy [42–44], breweries [24,45–47], and slaughterhouses [48–50].
Solar thermal is not the only way to generate renewable or low carbon process heat. Two other
technologies are gaining industrial interest, both of which can work independently or be integrated
together. Heat pumps, as previously mentioned, are a key technology that delivers process heat at the
same temperature levels as solar thermal [51,52], as long as a waste heat source is available.
Photovoltaics, normally reserved for electricity production, can produce heat directly through resistance
elements [53–55]. Coupled together, these technologies provide a solar powered renewable process heat
plant of equal interest to solar thermal. At present, there is no easy methodology to determine which
renewable process heat technology can produce heat or abate carbon at a lower cost.
As the need for carbon reductions rapidly increases due to the obvious signs of climate change, energy
efficiency and renewable process heat measure must be implemented to avoid its worst effects. One key
sector of investigation is the food and beverage industry, as its heating requirements can be reduced with
energy efficiency and later supplanted by solar thermal collectors, heat pumps, and photovoltaics. The
focus of this thesis is first to assess the current potential of energy efficiency and carbon reduction
measures in the food and beverage industry through detailed energy audits and technology
implementation recommendations. Once realized, the only way to further reduce fossil fuel consumption
and carbon emissions is by integrating renewable and low carbon process heat technologies. A detailed

2

Chapter 1: Introduction

simulation assessment is conducted between solar thermal, heat pumps, and photovoltaics to assess the
cost-effective status of these technologies against one another. Finally, robust and user-friendly
methodologies and comparison tools are created to quickly determine which technology can produce
heat or abate carbon at a relatively lower cost.

1.2 Objectives and structure
The following research objectives are pursued within this thesis:
i.

What are typical energy consumption and carbon emission benchmarks for food and beverage
production? How deeply can these benchmarks be reduced with energy efficiency and
renewable energy measures?

ii.

How much energy can be produced by solar thermal and photovoltaic process heat plants? Can
a universal comparison tool be created to quickly estimate the annual solar energetic yield for
various technologies, process loads, and temperatures? If so, how flexible and accurate can it
be?

iii.

Can a comparison methodology be developed that assesses solar thermal, photovoltaics, and
heat pumps and determines which produces heat or abates carbon at a lower cost under various
process and meteorological conditions?

iv.

What is the current status of low temperature renewable process heat? Which technology is
poised to gain popularity given expected cost reductions? What are investment targets for solar
thermal to ensure a significant market share in the future?

Chapter 2 of this dissertation introduces an assessment of energy use and carbon emissions in the food
and beverage industry. This work, part of the EU project GREENFOODS and previously published by
Meyers et al. [56], begins with a thorough review of the industry, summarizing industry specific
economic and energetic benchmarks. A review and discussion of typical measures to increase energy
efficiency and integrate renewable energy follows. Next, over 200 case studies are analyzed, yielding
energy and carbon benchmarks, along with recommended measures for implementation. Chapter 2
concludes with a calculation of the specific energy and carbons savings through measure
implementation, resolving the first objective.
Chapter 3 answers the second objective, which is satisfied through numerous solar and thermodynamic
simulations in a popular computer program called TRNSYS. Annual simulations are conducted on a
validated model for five solar thermal and one photovoltaic collector to determine the specific energy
delivered to an industrial process under various conditions including annual solar irradiation, process
temperature, and load profile. The resulting solar thermal and photovoltaic energetic yields are coalesced
through a multiple linear regression analysis to create a model and nomograms that enable a quick solar
yield estimate at any site around the world. Only basic input parameters such as the global horizontal
irradiation, process and ambient temperature are needed to utilize the model. Correction factors are also
calculated and graphically displayed to adjust for the negative effects of various process loads and
profiles and interruptions in production for vacation or maintenance. Results from the simulations are
key inputs to develop the comparison methodology and determine the current state of renewable process

3

Objectives and structure

heat for objectives three and four, respectively. The simulation methodology and results have been in
part previously published by Meyers et al. [57,58].
Chapter 4 presents the comparison methodology to techno-economically assess solar thermal and
photovoltaic resistance process heat. The chapter discusses the calculation of the maximum specific
investment for solar thermal to be the lower cost renewable heat solution. The methodology compares
the technologies by iterating their respective specific investments under known specific energetic yields
until their levelized cost of heats are equal. The ratio of specific investments at equivalent process heat
cost is coined the Investment Ratio that becomes the main parameter when comparing renewable process
heat technologies, discussed in prior publications by Meyers et al. [57–59]. A present and future looking
case study uses the methodology to determine the cost competitiveness of solar thermal and photovoltaic
resistance process heat that answers objective four for the respective technology comparison.
Chapter 5 describes a similar comparison methodology as Chapter 4 that assesses solar thermal and
vapor compression heat pumps powered with grid electricity. Two types of methodologies determine
the lower cost technology to produce heat or to abate carbon, dependent on the solar specific yield and
the main heat pump performance factors like coefficient of performance, full load operating hours, and
grid electricity price. Another case study satisfies the third and fourth objective for this technology pair.
In Chapter 6, a final comparison of solar thermal and a photovoltaic coupled with heat pumps is
conducted. A case study presents the current and potential future status of renewable heat in industry,
meeting the final aspects of objectives three and four. Segments of this work have previously been
published by Meyers et al. [60].
The concluding chapter summarizes the main finding of the dissertation, gives insights to its potential
impact and limitations, and recommended research pathways forward.
All work presented in this dissertation would not have been possible without the support of the People
Programme (Marie Curie Actions) of the Seventh Framework Programme FP7/2007e2013/under REA
grant agreement n 317085 [PITN-GA-2012-317085], commonly known at the SHINE (Solar Heat
INtegration Network) Program (https://www.uni-kassel.de/projekte/solnet-shine/home.html).
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2 Process Heat in the Food and Beverage Industry
Results within this section have in part been published in Energy, titled “Energy efficiency, carbon emissions, and
measures towards their improvement in the food and beverage sector for six European countries” by Meyers, et
al. 2016 [56].

Basic and detailed energy audits of small and medium sized food and beverage enterprises were
conducted in six European Union countries to determine product specific energy consumption and
measures to reduce energy use and carbon emissions. Collected results show that the companies’
products have similar specific energy consumption as compared to prior studies, but due to no standard
metrics, the range is rather large. Auditors primarily recommend energy savings measures (process
optimization and heat recovery), due to their low payback periods. Lower carbon energy sources are
also recommended (solar thermal and combined heat and power), but often at higher costs with support
from government incentive programs. By implementing the recommended measures, energy savings of
up to 45% and carbon reductions of up to 30% (~30,000 t CO2 equivalent in the audited companies) are
possible, but highly dependent on the type of product produced, the previously installed heating and
cooling equipment, auditor training, country-based energy standards, and technology subsidy programs.

2.1 The food and beverage industry
The impact of the food and beverage industry within the European Union is remarkable, not only in
terms of revenue and jobs it provides to its citizens, but also in the quantity of thermal and electrical
energy required for operation. Section 2.1 provides a brief summary of the economic (Section 2.1.1) and
energetic status (Section 2.1.2) of this sector within the EU.

2.1.1 Economic considerations
The food and beverage (F&B) sector is the biggest economic sector within the European Union (EU)
with a direct turnover of 1.24 trillion €/a. This translates to 15% of the overall production turnover of
the EU and direct employment of more than 4.2 million people [61]. F&B is also one of the largest
energy consumers, equivalent to 26% of the EU’s final consumption in 2013, of which 28% comes
directly from industrial processing [10]. The five largest countries with regards to F&B production are
Germany, France, Italy, Spain and the United Kingdom (UK), accounting for 66% of the EU’s annual
turnover. In order to study a large fraction of the EU F&B market for energy efficiency and carbon
dioxide equivalent (CO2e, or carbon) emission analysis, the GREENFOODS project (GFS) assesses
companies from 6 member states (Austria, France, Germany, Poland, Spain, and the UK), which
together accounts for almost 60% of the financial EU turnover [61]. A representative sample of 4.3% of
the EU’s final energy consumption is assessed for energy efficiency and carbon reduction potential
[10,61].
The role of small and medium sized enterprises (SME) is rather important. The overwhelming majority
(>99%) of the 285,000 companies in the F&B sector within the EU are deemed “SMEs,” meaning that
the companies employ less than 250 people and/or have an annual turnover of less than 50 million €
[62]. This collection of SMEs contributes 52% of the overall EU F&B turnover and 64% of the F&B
employment (approx. 2.6 million), generating 219 billion € in value added in 2014 [61]. SMEs are in a
difficult position since their industry is fragmented in nature and technology adaption is rather slow
because competitors rarely inform each other of advancements to improve their products and production
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efficiency. In addition, due to the small size of the companies and the low financial flexibility that comes
with it, SMEs often cannot afford to invest in expertise in the areas of production, resource efficiency,
and renewable energy integration. Often, even the awareness that inefficiencies exist is missing. The
available industry guidelines or best practices are generally only available for continuous production
and large manufacturing sites [15], further limiting exposure and the potential for SMEs to reduce their
energy consumption and carbon footprint. Due to this lack of information within SMEs, there are
significant opportunities to increase their productivity in a resource efficient and sustainable way. As
such, GFS targets this group to perform energy consumption and production output audits, while
determining which hindrances are experienced during potential energy efficiency retrofits.
Within the F&B sector, the branches with the highest turnover are meat (20%), beverage, which consists
of beer, juice, soft drinks, and wine production (15%), dairy (14%), bakery (11%), and processed fruits
and vegetables (F&V) (6%) [63], making them a top target for study within GFS. Meat production has
the largest environmental impact within the F&B industry, with the majority of energy expenditure
occurring during production and processing [64]. The beverage branch, and more specifically beer
production, is dominated by SMEs (70%), employing nearly 2 million people (directly and indirectly)
while generating over 50 billion €/a in added value [65]. The EU dairy branch, while not as big, still
boasts more than 300,000 direct processing jobs, yielding 9.3 billion €/a in the EU trade balance [20].
European bakeries have nearly 100 billion €/a in revenues while employing 1.36 million people in 2012
[66]. The food and beverage industry is no doubt a powerful economic driver within the EU. However,
to achieve the Europe 2020 goals [67], the decrease of fossil fuel use and carbon emissions is of
outstanding importance within the coming years.
Process integration, process intensification, and energy efficiency are now recognized as key drivers to
reduce fuel consumption and meet regulatory demand of CO2e or carbon emission reduction goals. A
significant number of scientific and industrial studies have been conducted in this context [68–72] and
it is agreed that many companies require help from outside. This is directly reflected in the number of
national and international research funds dedicated to the topic.

2.1.2 Energetic considerations
Food and beverage manufacturers are or should be continually aware of their energy (fuel and
electricity) consumption during production because growing regulations and legal requirements call for
or necessitate reduced energy consumption and carbon emissions. Energy use impacts product cost as
well, though it generally represents less than 5% of the overall production cost [73] and is therefore of
lesser concern. Significant efforts are made to determine the specific energy consumption (SEC) for
food and beverage products, referred to as a “Benchmark”, reported in kilowatt-hours (thermal or
electric) per product quantity required for its production. This is commonly done by conducting an
energy audit at the production facility, determining the quantity of energy used within a certain time
period or batch to make a product, then dividing this energy by the mass or volume of product created
[23]. Appendix 10.1 shows a selected summary of studies that details the SECs of various food and
beverage products within Europe and globally. Example primary energy consumption per ton of product
range from 100..300 kWh/t for fruit and vegetable preparation to 600..1200 kWh/t for beer brewing and
over 2500 kWh/t for milk powder.
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Some studies report the individual thermal and electrical energy consumption used to produce one ton
of product, while others combined these values into one term. Those who do often follow Ramírez et al.
[23] and calculate the primary energy demand by adding thermal energy to electrical energy, assuming
a 40% electrical energy generation efficiency. While this process makes comparisons simpler, it reduces
the reader’s ability to determine if a food product is more thermally or electrically energy intensive.
Nevertheless, the range of SEC values varies widely between different studies and different products.
For example, in the bakery branch in Europe, Le Bail [74] estimates the primary SEC of bread to be
550..1,400 kWh/t, while Monforti-Ferrario and Pascua [10] report values two to five times greater (3,000
kWh/t). Large differences are also observed within different products of one branch. Liquid milk
products are less energy intensive to produce [22,75] than milk powder, namely due to the latter’s
requirement for water evaporation [22,76]. If a distinction is not made between these two products, it is
difficult to determine the benchmark for a specific product [15,20]. A similar disagreement occurs in
many other food products, like cheese and meat. One reason for this inconsistency is due to limited
reporting of company size within the studies because smaller companies generally produce food less
efficiently. The lack of data reporting consistency makes it difficult to determine a common standard
for food production energy intensity.

2.2 Measures to reduce energy use and carbon emissions
Energy can be saved and carbon emissions reduced through the reconfiguration of existing processes,
improvement of older technologies, or the introduction of new technologies. Any method used to do this
is called a “Measure.” In Sections 2.2.1 to 2.2.6 a brief introduction to the principally investigated
measures in GFS is provided, starting with process optimization (reconfiguration of existing processes),
followed by heat recovery, heat/cold supply optimization, (improvement of older technology), ending
with integration of solar thermal energy, combined heat and power, and heat pumps (introduction of
new technology). These measures focus on on-site thermal energy reduction, as it is the main energy
requirement (Appendix 10.1) and inefficient to transport over long distances.

2.2.1 Process optimization
Process optimization (PO) is a recommended frequently measure within the F&B industry because it
improves energy efficiency by reducing energy consumption without significantly altering the food
manufacturing process. This is commonly done by scheduling processes to operate at different times,
implementing better equipment controls [77], changing from batch to continuous processes [78] or by
implementing a process that operates at a lower temperature. Soete et al. [78] note that by switching
from batch to continuous processing, a specific energy reduction of 34% on the process level, 26% on
the plant level, and 15% overall (cradle to grave) is possible for pharmaceutical tablet manufacturing.
Rahman et al. [79] observe that through a temperature, flowrate, and duration genetic optimization, rice
can be dried more efficiently via solar energy while operating at a lower inlet temperature, without
having to change any equipment. Pask et al. [80] demonstrate the benefits of employing simple PO
methods by improving the energy efficiency of an industrial baking process. A reduction of 29% in
energy consumption is possible by minimizing residence time in the oven, in addition to performing
regular maintenance checks and installing insulation. However, PO does come at a risk to the company,
as altering the process temperature or equipment may have the potential to negatively affect the
product’s taste, color, or nutritional value.
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2.2.2 Heat recovery
Heat recovery (HR) is a method to utilize thermal energy that would normally be discarded, commonly
known as “waste heat,” often through the installation of heat exchangers and storage tanks. A simple
example is provided by the Carbon Trust [81], showcasing the recovery of heat from the milk chilling
process to pre-heat water later used for cleaning. This process alone can save up to 60% of the annual
heat needed for cleaning, while increasing the efficiency of the chiller in summer. A payback time of
less than 4 years is achieved in this scenario.
A common technique to analyze the heat recovery potential by providing heat exchanger
recommendations is called Pinch Analysis [82]. In this technique, the manufacturing process is
represented by energy flows as a function of thermal power against the temperature at which they
operate. Hot streams (releasing heat) and Cold streams (needing heat) are split and plotted together in a
“Composite” curve. From this curve, analyses are made to determine opportunities for heat recovery
implementation, often automatically. Pioneering work in this field, especially when considering solar
thermal energy, is conducted by Krummenacher and Muster-Slawitsch [68,83]. One well regarded
software for this is called PinCH, developed by Olsen et al. [84]. A basic and free Pinch Analysis tool
is available to the public via GFS in the “Branch Concept Tool,” available on the project’s website [85].

2.2.3 Heat and cold supply optimization
Heat and cold supply optimization (HSO and CSO, respectively) improves the performance of existing
equipment or installs new equipment to reduce energy use. The cost and applicability are highly
dependent on the current infrastructure of the plant and how recently it has been modernized. Common
examples of HSO can be the burner replacement in a steam boiler to achieve a higher efficiency at partial
load or an economizer placed at the boiler exhaust outlet to preheat feedwater. CSO can be realized by
installing a new compressor for a chilling device, replacing an old refrigerant with one that has higher
performance characteristics, or by changing the condensation temperature of the chiller to decrease
thermal losses. CSO is investigated at a dairy factory in Ukraine that used an ammonia refrigeration
system [86]. Results indicate that it is possible to redirect waste heat during ammonia compression,
decreasing the operating temperature of the equipment and increasing efficiency. The initial capital
required for the infrastructure modifications has a short payback period of 10 months, making the project
economically viable.
There is less success with HSO and HR (often combined measures) at a confectionary factory in the
UK, where the authors plan to reuse the heat from high-grade streams elsewhere in the factory [87]. Due
to the infrastructure currently in place (long distances between equipment, lack of high-grade streams),
they find that energy savings are 10% less than expected leading to a payback time between 3..6.5 years.

2.2.4 Solar thermal and photovoltaics
The use of solar thermal energy is currently being investigated for integration into the food and beverage
industry because the low temperatures required (less than 100 °C) are very achievable [8,43]. The
SolFood project [88] describes the methods to integrate solar thermal energy into the manufacturing of
food and beverage products. This document provides planning, technology, and project sizing
recommendations (based on geography) to ensure reasonable solar fractions and low energy costs, taking
8
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into account various daily and weekly production schedules at different process temperatures. An
investigation by Atkins et al. [42] into integrating a solar thermal process heat plant into a dairy plant
highlights project realization problems. First, the capital cost is high and extremely hard to finance
without external support (grants, loans etc.). The low intensity of solar energy causes further problems
as does choosing the right collector for the plant’s location, process, and size. Solar drying is a common
application where air is heated and passed over the product, often utilized in agriculture [89,90].
Solar photovoltaics are increasingly popular in the domestic, commercial, and utility sector due to their
falling costs and ease of installation [91,92]. Their use within the food and beverage industry requires
no special integration consideration and simply reduces the required electricity demand from the
electricity grid. It is a growing and effective measure to reduce carbon emissions by using building
rooftop space for on-site electricity generation.

2.2.5 Heat pumps
Heat pumps use electrical energy to drive a vapor compression cycle and “pump” heat from a lower
(often waste heat) to a higher temperature, making it useable by an industrial process. In recent years,
heat pump performance has significantly increased, now able to obtain temperatures above 100 °C.
Ongoing research shows promise to achieve temperatures above 160 °C, dependent on the type of
refrigerant [51,52], with heating/cooling capacities ranging from 15 kW to 20 MW [52]. A thorough
study comparing six high temperature industrial heat pumps by Ommen et al. [93] reveals that most are
able to financially compete against a natural gas boiler, providing process heat up to 115 °C with a
minimum 40 °C heat source temperature. A slaughterhouse in Switzerland installed an 800 kW heat
pump in 2011, using waste heat from an ammonia refrigeration machine to boost feedwater from 30 °C
to 90 °C, subsequently used for steam generation, space heating, and process water for slaughtering and
cleaning [94]. This reduces carbon emissions by 30% and saves 2,600 MWh/a of fuel. A heat pump has
the unique ability to simultaneously provide both heating and cooling, allowing for very high conversion
efficiencies and low carbon emissions per produced thermal unit of energy. These “integrated” heat
pumps show great promise for industries that need significant heating and cooling, a common
requirement in F&B. An integrated heat pump case study was conducted in a chocolate factory in the
UK, where a glycol loop is chilled from 5 to 0 °C (at 914 kW) while process water is heated from 10 to
60 °C (at 1,250 kW), yielding a coefficient of performance (COP) of 6.25 [94].

2.2.6 Combined heat and power
Combined heat and power (CHP) is a commonly used technology that combines a standard engine with
heat recovery to produce both electrical and thermal energy, often at high combined efficiencies. The
electrical energy is consumed on-site or, if an excess, sold to the grid. Thermal energy, often in the form
of steam, is fed into the supply network to meet the energy demand [95]. The produced thermal energy
can also be consumed by an absorption chiller (ACM), providing cooling in addition to heat and
electricity, called trigeneration [96].
Carbon emissions are not guaranteed to be significantly reduced with the implementation of this
technology, as fossil fuels are still burned and the grid-provided electricity may already be low carbon
in nature (high share of nuclear, wind, solar) [97]. Biomass or biogas can replace fossil fuels to further
reduce emissions [98] and be generated on-site from processed organic waste [99]. Pazera et al. [100]
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conducted a waste potential for biogas study for the European F&B sector and shows that the market is
growing to meet the Europe 2020 efficiency goals, especially in the brewing, dairy, F&V and meat
sectors. Sturm et al. [70] also supports this idea for a small scale brewery, showing how spent grain is
coupled with an anaerobic digester and a CHP, providing net zero carbon emissions for heat and
electricity. A case study in Spain was conducted, integrating a CHP into an olive processing plant [101].
This facility operates 24 hours per day for 5 days per week throughout the year. Within this operational
scheme, a short payback time of 3.6 years is possible, along with a reduction of primary energy demand
and carbon emissions of 49%.

2.3 Energy audits for lower carbon industrial process heat
GFS aims to improve energy efficiency and reduce carbon emissions within the European F&B industry,
with the help from 14 partners in Austria, Germany, Poland, Spain, and the UK by conducting an energy
audit campaign with companies in each of the partner’s countries and France. In total, 204 basic audits,
including 45 detailed audits were performed. The audits target companies that fall within one of the
following production groups: bakery, beverages, dairy, fish, F&V, and meat. Within the basic audits,
general information such as turnover and number of employees, energy consumption, installed
equipment for heat and cold supply, and important processes is gathered, followed by the first
assessment of energy savings potential. The detailed audits require more comprehensive information on
process operations that the auditors can use to make recommendations on measures and technologies to
increase energy efficiency and reduce carbon emissions.

2.3.1 Data collection
The target countries and production branches within GFS are selected due to their majority share of
F&B production within Europe [61]. SMEs are selected because of their dominant position in the market
coupled with limited resources to obtain higher efficiency and lower carbon emitting manufacturing
practices. This creates an ideal opportunity to achieve the greatest energy efficiency and carbon
reduction impact.
The first phase is to conduct a “Basic” audit of 204 companies. The selection of companies is done in
such a way to ensure a representative sample, with the relevant trade associations closely involved. Any
conflicts of interest between a company and a project partner conducting the audits are noted. In
conjunction, a database of already performed energy audits from prior IEE (Intelligent Energy Europe)
and national projects are collected and reviewed for suitability. Following the works of Thumann et al.
[102] and energy audit standards DIN EN 16247-1 and ISO 50001 [103,104], the basic audits consist of
company size, branch, country, production volume split by products, total energy consumption (in terms
of electricity, gas, oil, coal and others), equipment for heat, cold, and pressurized air generation and
distribution, unit operations with high thermal and/or electrical energy demand and information on the
degree of detail available for each unit operation. The auditors conduct a walk-through audit and based
on the information given by the company and gathered on-site, make an initial qualitative rating on
process optimization, heat recovery, heat and cold supply optimization, integration of renewable/lower
carbon energy sources in terms of feasibility, expected savings, and specific investments. Furthermore,
they assess additional data/measurements available, soft barriers, suitability for a detailed audit or
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potential project implementation. The auditors then give an overall operational and technical rating,
which forms the basis for selecting companies for the detailed audits.
Following the basic audits, detailed audits are conducted that build on the collected basic audit data by
including all energy utilities on site, detailed information on each unit operation, and production
schedule for each product. A summary of the detailed audit information is in Table 2.1.
Table 2.1 A summary of the requested information in the detailed audit

Detailed Audit
General
•Company Information
•Production quantity and
type
•Operation Schedule
•Annual Energy
Consumption

Thermal Equipment
•Size, Type and
Operation Parameters
- Boiler
- CHP
- Heat Pump
- Chillers
•Heat/Cold Distribution
•Energy Storage

Processes
•Type of Manufacturing
process
- Mass flow
- Temperature
- Required power
•Waste heat potential
•Detailed process
schedule

Measures
•Size, energy savings
and investment costs
- Process Optimization
- Heat Recovery
- Heat/Cold Supply Opt.
- Solar Thermal, PV
- Biomass
- Heat Pump
- CHP

When necessary, measurements are conducted on site. Using this information, auditors make energy
reduction potential assessments by recommending efficiency and renewable energy measures, yielding
thermal (Qsaved) or electrical (Esaved) energy reduction estimates and economic impact. These values are
used to calculate the potential carbon savings. Of the 45 detailed audits, 29 are selected for the energy
reduction potential assessment because the audits contain a quantified amount of energy savings per
identified recommended measure, supplied by the auditor.

2.3.2 Calculation of key metrics
A number of calculations are needed to compare all branches, energy use, and carbon emissions equally.
For the basic and detailed audits, auditors report the quantity of electricity and fuel used during one year
of operation. However, different units for the quantity of fuel consumed were entered into the database
(e.g. tons of coal, liters of oil, and cubic meters of natural gas). To make comparisons equal between all
audits, Eq. (1) is used to convert a fuel type and quantity (FT) from a certain audit to a standard value
of MWh (Q), with the noted assumptions for boiler efficiency and lower heating value (LHV), found in
Table 2.2. LHV values are provided by the Oak Ridge National Laboratory [105], as are the density
conversions (oil: 0.99 kg/l, natural gas: 0.7 kg/m3). Bituminous coal is assumed for the calculations, due
to its predominance in Poland [106], where the vast majority of coal burning companies are located.
Similar issues/difficulties with non-standard units for energy consumption are noted by Thollander et
al. [107].

𝑄 = 𝐹𝑇 · 𝜂𝑏𝑜𝑖𝑙𝑒𝑟 · 𝐿𝐻𝑉 ⁄1000

(1)
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Table 2.2 Calculation table to convert fuel quantity to energy

Fuel Type (FT)

Unit

Natural Gas
Natural Gas
Natural Gas
Coal
Fuel Oil
Fuel Oil
Fuel Oil
Propane
Gasoil

kg
m³
t
t
l
m³
t
t
l

ηboiler
90%
90%
90%
80%
85%
85%
85%
90%
90%

LHV (kWh)

Q/FT

13.09
9.16
13,090.00
7,256.00
10.96
10,960.00
12,894.00
12,860.00
11.84

0.01
0.01
11.78
5.80
0.01
9.32
10.95
11.57
0.01

Carbon dioxide equivalent emissions (ξ in units of t CO2e) for both basic and detailed audits are
calculated from values provided by the Greenhouse Gas Conversion Factor Repository [108], by
multiplying the consumed thermal or electrical energy (Q or E) in Eq. (1) by the carbon conversion
factor (CFQ,E) in Eq. (2) and Eq. (3). A summary of the conversion factors (CFQ,E) are in Table 2.3, split
between consumed electrical and thermal (fuel) energy.

𝜉(𝑡 𝐶𝑂2 𝑒) = 𝑄 · 𝐶𝐹𝑄

(2)

𝜉(𝑡 𝐶𝑂2 𝑒) = 𝐸 · 𝐶𝐹𝐸

(3)

Table 2.3 The conversion factors used from consumed energy in MWh to CO 2e emitted [108]

CF (t CO2e/MWh)

Electricity
generated per
Country
(CFE)

Thermal Energy
Source per Fuel
(CFQ)

Austria
France
Germany
Poland
Spain
Sweden
UK
Biogas
Biomass
Coal (industrial)
Fuel oil
Gas oil
Natural gas
Propane

0.217
0.058
0.471
0.773
0.289
0.046
0.462
0.001
0.015
0.432
0.335
0.339
0.228
0.256

Carbon emission reductions are calculated for the detailed audits by multiplying the identified saved
energy (Qsaved, Esaved) (via energy efficiency or renewable energy measures) by the fitting conversion
factor (CF). For the process optimization, heat recovery, heat supply optimization, and solar thermal
measures, the carbon emission reductions (ξsaved) are calculated by multiplying the carbon conversion
factor (CFQ) by the saved energy, with respect to the fuel that is used in that factory, shown in Eq. (4).
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𝜉𝑠𝑎𝑣𝑒𝑑 = 𝑄𝑠𝑎𝑣𝑒𝑑 · 𝐶𝐹𝑄

(4)

Carbon emission reductions (ξsaved) via electrical energy reduction (Esaved) by cold supply optimization,
absorption chilling machines (ACM), and PV are calculated with respect to the carbon intensity of the
country’s electricity supply (CFE), shown in Eq. (5). The implementation of an ACM is included because
the vast majority of cooling devices are operated with electricity.

𝜉𝑠𝑎𝑣𝑒𝑑 = 𝐸𝑠𝑎𝑣𝑒𝑑 · 𝐶𝐹𝐸

(5)

The CHP and HP are the only two measures for which a carbon emission reduction is not directly
calculated because HP produced thermal energy still consumes electricity from non-carbon free sources
and a CHP consumes fuel. To estimate the carbon emission reduction from a HP, the thermal energy
produced (Q) is multiplied by the fuel’s emissions rate (CFQ) and is subtracted by the used electrical
energy (E) multiplied by the electrical carbon emissions in said country (CFE). The electrical energy (E)
used to operate the HP is equivalent to the thermal energy output divided by its operational COP,
assumed to be three. The resulting heat pump carbon factor (CFHP) is shown in Eq. (6).

𝐶𝐹𝐻𝑃 = 𝐶𝐹𝑄 − 𝐶𝐹𝐸 ⁄𝐶𝑂𝑃

(6)

To conservatively estimate a CHP’s carbon emission reduction potential, a new natural gas fired CHP
plant is assumed to produce 40% electrical and 50% thermal energy per unit input, its upper performance
limit [109,110]. The CHP output supplants equal units of grid provided electricity and fuel used in the
conventional boiler from before the measure implementation. In Eq. (7), a CHP with a unity energy
input produces 0.4 electrical and 0.5 thermal energy units, and a new carbon factor (CFCHP). Natural gas
is assumed to be used in the CHP, as noted at the end of Eq. (7), the source of the carbon emissions.

𝐶𝐹𝐶𝐻𝑃 = 0.4 · 𝐶𝐹𝐸 + 0.5 · 𝐶𝐹𝑄 − 𝐶𝐹𝑔𝑎𝑠

(7)

The payback time (PBT) of recommended measures is shown in Eq. (8) to provide a financial interest
indicator for a company’s investment decision. The investment (I), energy saved (Qsaved or Esaved), and
fuel or electricity price (FP) are provided in the detailed audits. Operations and Maintenance (OM) is
assumed to be 2% of the capital investment.

𝑃𝐵𝑇 = 𝐼 ⁄((𝑄𝑠𝑎𝑣𝑒𝑑 ∗ 𝐹𝑃) − 𝑂𝑀)

(8)

Further in the project, but not covered in this dissertation, are the implementation of recommended
measured for eight companies. Results of these measures are available on the GREENFOODS website
[85].
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2.4 Basic and detailed audit results
The results of the basic and detailed energy audits are discussed in this chapter. In terms of specific
energy consumption and identified energy savings, they are comparable to prior energy audit studies in
developed countries. Due to the inconsistencies between energy auditor capabilities/training and country
specific incentives, fuel sources, energy policies, equipment standards, etc., coupled with the relatively
low sample size, no statistical certainty can be determined. Therefore, the calculated results are only
indicative of the audited companies and cannot be fully used as a standard but are helpful for obtaining
a general understanding of energy savings and carbon reduction potential.

2.4.1 Basic audit demographics
Two hundred and four basic audits are collected during the first phase of GFS. These audits come from
a wide range of industries, with the most popular being beverage, followed closely by meat, dairy, and
F&V. Of the six countries involved, Austria contributes the most audits with 54, followed by Spain (47),
Poland (39), Germany (28), UK (26), and France (10) (Figure 2.1). Following the standard definition
for SMEs [62], 15 audits are conducted on micro companies (<10 employees, <2 million € turnover),
64 on small companies (11..49 employees, 2..10 million € turnover), 81 on medium companies (50..249
employees, 10..50 million € turnover), and 30 on large companies (>250 employees, >50 million €
turnover). Fourteen of the companies audited cannot be sized, as the required information (employees,
annual turnover) is not provided.
Audited Companies
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Other
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0

UK
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Figure 2.1 The demographics of the basic audits split between country of origin, size of company, and branch

The collected basic audits represent the full range of targeted industries and company sizes but were not
uniform between countries. The majority of audits in Poland are done on medium and large companies,
while in Austria most audits are on micro and small companies. France, Germany, Spain, and the UK
are relatively balanced in the size of selected companies.
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2.4.2 Detailed audit demographics
The most popular detailed audit conducted is for the meat branch, followed closely by beverages, then
bakery, F&V, and dairy. Of the six countries involved, Austria contributes the most audits with 19,
followed by Spain and the UK (7 each), Germany (6), Poland (4) and France (3). Twenty-nine audits
have sufficient data regarding the recommended measures for increasing energy efficiency and reducing
carbon emissions (Figure 2.2).
Audited Companies
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Figure 2.2 The demographics of the detailed audits split between country of origin, size of company, and branch

Similar to the basic audits, the distribution of detailed audited companies is not even. Austria focuses
their detailed audits on micro and small companies, and Poland exclusively investigates large
companies. The UK and Germany only provide complete audits with recommended measures from
small companies, France furnishes one micro and medium sized company audit, and Spain supplies one
audit each from a small, medium, and large company.

2.4.3 Energy and carbon emission metrics from the basic audits
Within the basic audits, over 4,400 GWh of annual energy consumption is recorded, with coal leading
at 2,100 GWh, followed by natural gas (1,085 GWh), electricity (917 GWh), and oil (349 GWh). Energy
consumption is fairly equal between dairy, meat and other, then drops off sharply for beverages, F&V
and bakery (Figure 2.3, left), mainly due to the size of the companies audited. The energy consumption
by country is markedly different. Poland contributes nearly two-thirds of the consumed energy in the
study, stemming from its focus on very large companies that typically use coal as their fuel source
(Figure 2.3, right). Within the remaining countries besides Spain, natural gas is the predominant fuel
used, followed by electricity. Spain, instead, has oil as its largest fuel consumer, followed closely by
natural gas. All others have oil as the fourth most utilized energy source. The remaining fuel sources
(biogas, biomass, and district heat) are sparsely found in the surveys and constituted less than 1% of the
analyzed energy.
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Figure 2.3 A breakdown of the energy consumption in the basic audits. The left graph depicts the energy consumption by branch and
the right the energy consumption by country, both in GWh/a

To obtain a better understanding of manufacturing efficiency, the specific energy consumption (SEC in
kWh/t) is calculated. Audits are compared within their branch (i.e. meat, dairy, bakery…), size of
company, and country of origin. Some other popularly audited sub-branches are also included, shown
in Table 2.4, with the number of companies noted. Listed within is the average SEC per ton product,
with the range in parentheses.
Table 2.4 The electrical and thermal energy required per ton of product, as determined from the basic audits. The first value is the
mean, and the value within the brackets is the range [111]

Specific Energy Consumption (SEC)
Branch/Product
(number of firms)
Bakery (11)
Beverages (44)
Dairy (23)
F&V (13)
Meat (22)
Beer (31)
Sugar (9)
Slaughtering (6)
Meat Processing (16)

Thermal Energy
(kWh/t)
1,335 (243..3,039)
317 (56..1,950)
1,055 (129..3,957)
459 (124..1,235)
510 (20..1,668)
373 (0..1,950)
1,759 (1,398..3,076)
155 (0..343)
612 (20..1,668)

Electrical Energy
(kWh/t)
590 (150..1,834)
253 (14..800)
625 (21..3,636)
253 (85..1,235)
354 (77..957)
219 (52..800)
282 (185..560)
326 (77..953)
366 (85..957)

Both the mean thermal and electrical energy demands within the Bakery branch are higher than most
average values reported in literature [18,74,112,113] and less than reported by Monforti-Ferrario and
Pascua [10], but the range of energy demand is large and encompasses prior literature. Results from the
beverage branch, and more specifically breweries, are comfortably within the ranges expressed in other
studies [10,19,65,112]. The dairy branch shows significant differences from reported literature, due to
multiple dairy products (milk, cheese, yogurt, milk powder) produced at one site with no means of
differentiating the required energy per product, an artifact of the general nature of the “basic audit.” On
average, the mean dairy results rest within the range of previously assessed SECs
[15,20,22,75,76,112,114]. F&V has similar results as compared to prior studies [10,15], with canning
operations consuming mainly thermal energy and freezing operations mainly electrical energy. Sugar
processing, while not included in F&V, is consistent with the data shown in Lauterbach et al. and
Lehmann and Nielsen [21,115], but is greater than the combined energy values in Monforti-Ferrario and

16

Chapter 2: Process Heat in the Food and Beverage Industry

Pascua [10]. The final branch, meat, is specifically separated into slaughtering and processing (Appendix
10.1), showing a larger thermal demand for processing than slaughtering, due to the cooking
requirement, while electrical demand was similar. Results are generally consistent with those developed
by Meyer et al., Nordic Council of Ministers, the European Commission, and Wojdalski et al.
[15,112,116,117], but not with Ramírez et al. [23], as this study includes the freezing of meat,
significantly increasing the energy demand.
The carbon emissions are calculated per basic audit by the methodology in Section 2.3.2, with the branch
breakdown on the left and country opposite (Figure 2.4).
19

68
145

392

136

Bakery
Beverages

180

ESP

Dairy

17

Fish

1

374

72

Meat
Other

FRA
GER

Fruit/Veg.
396

AUT

POL
UK

1,066

114
Figure 2.4 The estimated annual carbon emission from the companies assessed in the basic audits. The left graph depicts the annual
emissions by branch and the right by country, both in Mt CO2e/a.

Approximately 1.4 million t CO2e/a are emitted (Figure 2.4, left). The distribution of carbon emissions
per branch when compared to the energy consumption is quite similar. The opposite is the case for
carbon emissions by country (Figure 2.4, right). Poland contributes nearly 75% of the carbon emissions
within GFS, due to the audits being conducted on large (Figure 2.1), energy intensive processes (milk
powder production, sugar production) that use coal as the primary fuel for both thermal and electrical
generation. The opposite is true for Austria where the carbon emissions are much smaller due to their
focus on smaller companies (Figure 2.1) that primarily use natural gas and lower carbon electrical
sources (hydropower). France, Germany, Spain and the UK have similar carbon emissions relative to
their energy demand, indicating a balanced mix of consumed fuel and generated electricity.

2.4.4 Energy and carbon emission metrics from the detailed audits
Of the 29 detailed audits selected for analysis, more than 500 GWh of energy are consumed per annum
(Figure 2.5, left). The most commonly used energy source is natural gas, representing 41% of the total
energy consumed. Following this is electricity at 27%, coal at 25% and oil at 5%. Biogas and biomass,
once again, are the least popular fuels, contributing only a few percentage points. The distribution of
energy consumption is similar to the basic audits, though relatively more energy is consumed in the
dairy and meat branch, and less in beverages, skewed due to one very large dairy and two large meat
factories located in Poland. This is also shown in Figure 2.5 (right), where the four Polish audits
contribute nearly two thirds of the consumption by country.
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Figure 2.5 The energy consumption distribution for the detailed audits. The left graph depicts the energy consumption by branch
and the right the energy consumption by country, both in GWh/a

The identification and quantification of potential measures to decrease energy consumption in order to
mitigate carbon emissions is a key focus. Figure 2.6 and Table 2.5 provide summaries of the
recommended measures, their estimated energy savings by the auditors, and carbon abatement potential
from Eq. (5). Figure 2.6 showcases the popularity of measures selected, divided by “Energy Savings”
and “Energy Generating” technologies.
6
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Figure 2.6 Recommended measures for the detailed audits to reduce energy consumption. The measures on the left side detail
technology designed to save energy and the right side to generate energy. ACM is the abbreviation for adsorption or absorption
chilling machines.
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Energy
Generating

Energy
Saving

Table 2.5 Summary of recommended measures for energy and carbon savings

Efficiency Measure
Process Opt.
Heat Recovery
Heat Supply Opt.
Cold Supply Opt.
Other
CHP
Solar Thermal
Biomass
ACM
PV
HP

Frequency
18
18
7
8
5
7
12
8
2
2
1

MWh Identified
20,440
12,320
12,000
9,230
80
64,900
3,720
1,415
660
50
70

ξ (t CO2e) Abated
5,340
3,220
3,135
2,410
20
15,415
970
370
170
15
20

Payback (Y)
2.8..9.7
2.4..5.6
1.7..13.7
7..18
4.8..5.2
1.1..3.6
14.9..45.9
6.6..26.8
3.2
13.7
7.8

Heat recovery and process optimization are the most popular energy savings measures, both with 18
audit recommendations. This is not surprising because both measures have shortest median payback
time (3.9 and 6.2 years), in Table 2.5. Heat supply optimization has 7 recommendations and a median
payback of 7.7 years. The least financially viable energy saving measure is cold supply optimization
with a payback time between 7 and 18 years.
The latter “Energy Generating” measures shows solar thermal as the most popular choice; however, the
costs associated to this measure are quite high, ranging in payback time between 14 and 45 years. More
cost effective is the CHP that has an estimated mean payback time of 2.3 years, followed by the biomass
boiler with mean payback of 16.6 years. Least popular are the ACM, PV, and HP, all with two or fewer
recommendations and payback times of 3.2, 13.7, and 7.8 years respectively. This is surprising, as their
payback times are shorter than other technologies (solar thermal and biomass). One reason for this may
be due to the auditors’ lack of experience with the technology, national support mechanism for said
technology, or limited integration possibilities within the selected detailed audits.
In total, efficiency measures have an energy reduction potential of greater than 120,000 MWh, resulting
in a potential abatement of 30,000 tons of carbon.

2.4.5 SEC reduction and carbon abatement potential
To understand the energy reduction and carbon abatement potential on a product specific basis, the
energy and carbon calculations are normalized by the ton of product annually produced. This analysis
includes both energy savings and energy generating measures (including renewable energy) but the solar
energy contribution is very small, less than 4 %. As such, the following results are considered as
primarily non-renewable.
Figure 2.7 shows the average SEC (both electrical and thermal) for both pre- and post- measure
implementation in the detailed audits. More thermal energy is consumed than electrical in nearly all
branches (expect for F&V), with the bakery branch being the most energy intensive (777 kWhel and
1,080 kWhth per ton) and the F&V branch being the least (250 kWhel and 210 kWhth per ton). The bakery
branch shows the greatest potential for energy savings with 165 kWhel and 265 kWhth per ton. These
companies are either small enterprises or coal consumers and both have high potential for energy
efficiency assistance (small companies) and the implementation of cleaner fuels/technology (coal
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Figure 2.8 shows the carbon intensity (ton of CO2e emitted per ton of food product) of the five main
branches and the potential for carbon emission abatement. Similar to Figure 2.7, the bakery and meat
branches are the most carbon intensive and show the largest potential for abatement (~0.1 t CO2e/t). The
meat branch carbon intensity is high because the majority of the detailed audits are for meat processing
facilities, requiring large amounts of energy for cooking (Table 2.4, [15,116]) as compared to just
slaughtering. The potential for carbon emission abatement is significant in the meat branch because two
of the audits came from Poland, both from large companies using coal. The energy and carbon intensity
of the dairy branch is highly dependent on the product being made. The dairy detailed audit companies
mainly produce milk, yogurt, and cheese (in various quantities) and have lower energy/carbon intensive
processes as compared to milk powder production, which can require up to ten times more energy per
ton. This explains the lower carbon intensity and savings potential. The F&V branch carbon emissions
are also quite low due to the limited freezing/cooking processes within the audited factories.
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Figure 2.8 Mean carbon intensity before and after recommended measures

In Figure 2.9, efficiency measures and lower carbon energy technologies can help reduce the carbon
footprint in both bakery and meat branches up to 30% and in the beverage and dairy branches 19% and
17%, respectively. The lowest potential to save carbon is within the F&V branch at 5%. Electrical energy
savings is the highest in the meat branch at over 35%, while the bakery branch can save the greatest
amount of thermal energy at 45%. Fritzson and Berntsson [118] believe that a carbon emission reduction
of 5..35% is possible in the meat branch, namely with fuel conversion to natural gas and the application
of heat pumps, and this is confirmed with the presented results. The thermal energy and carbon savings
in the bakery branch is rather high in comparison to other literature [80,119], but this is possible because
other studies only focused on energy efficiency and did not consider the incorporation of new
technologies such as ST, CHP, or lower carbon fuels (biogas). In addition, two of the three bakeries are
extremely small, leading to a high thermal demand and thus more room for efficiency improvements.
Law et al. [120] show that significant waste heat can be captured from most processes within the F&B
sector, reducing energy use by 25%. Similar potential energy savings is demonstrated in the “Green
Brewery Concept,” by Muster-Slawitsch [24], which can be increased with the inclusion of solar thermal
and biogas generation. The dairy branch shows the least potential for thermal or electrical savings
because the larger facilities audited are already well integrated with significant waste heat recovery. The
potential is still higher with smaller dairies that have not undergone extensive heat recovery measures.
While there are theoretical limits to how little energy is needed to produce food and beverage products,
there is no limit as to how little carbon can be emitted due to the integration of zero carbon energy
sources like solar thermal, biogas, and renewable energy powered heat pumps.
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Figure 2.9 Mean energy and carbon savings due to measure implementation, as a percentage [111]

2.5 Discussion
2.5.1 Energy and carbon benchmark results
The collection of thermal and electrical energy benchmarks for food and beverage manufacturing
(Appendix 10.1) provides a very general overview from previously conducted studies. It is consistently
observed that the methods and standards to determine these benchmarks are inconsistent, reducing the
benefit of comparing studies conducted from various researchers. Some energy benchmarks in the other
studies are split between each individual product [22,75,76], while others are grouped together for the
whole factory [15,20,114]. This is most commonly seen within the dairy branch, as often a wide range
of products are made (milk, cheese, yogurt, butter, milk powder) in one facility, yet specific energy
consumption is not noted per product and similar to audits in GFS. This made directly comparing GFS
results with those from prior literature difficult. Estimations can be made to the relative percentages of
energy use for each product but is not statistically accurate. Another difficulty is due to the inconsistency
of energy values and product quantity standards. This is observed in prior studies as well because some
detail both individual thermal and electrical energy demand [15,22,75,112,113,117], while others only
calculate a primary energy value [10,18,23,65]. This provides the reader with no information if the
process is more electrically or thermally intensive.
Found mainly within GFS, the unit of product production is inconstant. Sometimes units are in tons but
other recorded units were hectoliter (beer), liter (wine, water, and liquid milk), number of bread loaves,
and wheels of cheese. One can estimate the mass equivalent with product density and volume, but this
leaves in question the accuracy of the calculation. Also, within GFS, there are differences between the
thermal energy units, as fuel consumption is reported in MWh, tons, liters, and cubic meters. Standard
values of LHV and boiler efficiency are used to estimate the used thermal energy, but the actual
efficiency of the used equipment and its part/full load performance is missing. Furthermore, the specific
carbon intensity benchmark is dependent on the fuel type and electricity use. Despite these
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inconsistencies within the data reporting and benchmark calculations, results from GFS fall comfortably
within the wide range of values previously reported in literature, supplying a reasonable basis to
calculate the benefit of energy efficiency and renewable energy measures to reduce carbon emissions.

2.5.2 Effect of company size on energy and carbon reductions
The assessment of the detailed audits coupled with their recommended measures for carbon reduction
provides valuable information regarding the future of lower carbon manufacturing. However, due to the
small sample size of detailed audits, some results are partially skewed due to company size and location.
Within the bakery branch, only two countries contributed audits (Figure 2.2). Austria audited two
companies (micro and small sized), with a respective primary energy demand of 1 and 12 GWh annually,
but mainly thermal due to the heating demand of the baking process. Poland’s bakery audit was for a
very large company, with an annual demand of more than 60 GWh. The Austrian audits show very high
promise for energy and carbon reductions due to their very small size and limited access to efficiency
measures. The Polish audit has high potential due to its conversion of grid electricity and use of a natural
gas fired CHP, greatly reducing coal-based electricity purchase and thermal energy generation. A similar
trend is shown within the meat branch (Figure 2.2), which again had either small companies with high
specific energy consumption or large companies from Poland with a conversion of coal to natural gas
CHP. The resulting carbon savings is similar to that of the bakery branch (~30%) (Figure 2.9), but more
electrical energy is saved as compared to thermal, due to the presence of cooling equipment. These
audits portray the ideal case for significant energy and carbon reductions through efficiency and
renewable energy measures, approaching an upper limit to what is obtainable without an entire plant
redesign.
Smaller energy and carbon reduction potentials are observed in the beverage, dairy, and F&V branches.
These audits more uniformly include companies of all sizes while not having a large Polish influence of
CHP retrofits (except for one dairy audit that shows a higher carbon savings relative to its energy savings
due to this fact). Electrical energy savings are also possible within the F&V branch, especially if there
is a cooling or freezing demand but no auditor identified this as a potential measure.

2.5.3 Recommended measures
It is important to note that the identified measures are only a recommendation of the potential energy
and carbon savings and are not actually carried out by the companies. As such, some of the measures
may have or have not been recommended due to auditor bias or national funding schemes to support
certain technologies.
Solar thermal is the most frequently recommended renewable energy source for the reduction of thermal
demand in Table 2.5, but is also the most expensive having a payback time of no less than 15 years, a
metric no company would accept. This is a clear case of auditor bias, where the 12 instances are reported
in Austria and Germany and their respective auditors are solar energy experts. Interestingly enough,
both of these countries have very generous national funding schemes to support the construction of such
projects, further explaining the popularity of the measure and the auditor’s knowledge about the
technology. The financial feasibility of a solar thermal process heat plant is dependent not only on the
fuel cost of the facility, but also its geographic location. Every recommended solar thermal plant was
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located in central Europe, where the solar irradiation resource is mediocre, creating longer payback
times. If the same plants were to be installed in southern Spain with similar financial support, where the
solar resource is nearly twice as high, the payback period could be reduced by almost half, significantly
increasing its attractiveness.
Biomass and CHP are often recommended due to lucrative government programs which support either
the specific technology or general energy efficiency improvements. The payback times of the CHPs are
surprisingly short, possibly due to multiple incentive schemes applied to the same project. It should also
be noted that an installed CHP in France actually results in an increase of net carbon emissions, since
the technology replaces very low (nuclear) carbon emitting electricity with a natural gas burning unit.
ACM, PV, and HP are seldom selected as potential measures for energy reduction, which may be due
to the auditors’ lack of knowledge about the technology or limited availability of financial support.
Energy savings measures in Table 2.5 are more frequently recommended than energy generating
measures due to shorter payback times and limited impact on the production process. This supports the
recommendation that all energy efficiency measures should first be applied to reduce fuel consumption
and then, if a greater reduction of fuel consumption or carbon emissions is required, renewable energy
sources should then be implemented [83,121].
At this point, a company must decide in which renewable heat technology to invest. It is often unclear
which will provide a lower cost of energy given the highly sensitive boundary conditions unique to each
industrial facility. To elucidate and provide insight as to which renewable technology can produce lower
cost of heat or carbon abatement, a rigorous methodology is developed. This method, which focuses on
low temperature heat generation (frequently required for food and beverage production) assesses four
technologies to produce heat between 40 °C and 140 °C, solar thermal, PV resistance heat, and heat
pumps (both grid and PV powered). The results of the methodology are reduced to simple terms that
can be acquired during a typical energy audit, allowing for a quick and accurate assessment of the lower
cost renewable process heat technology.

2.6 Conclusions
The European food and beverage industry, mainly comprised of SMEs, is a significant energy consumer
and carbon emitter. A survey of 204 EU companies collected information regarding their fuel
consumption, quantity of product produced, production processes, schedule, and operating temperatures.
From this input data, measures are recommended to reduce energy consumption and carbon emissions.
Results of the basic audits show that specific energy demand (electrical and thermal) to produce food
products is in line with previously calculated metrics, though little consensus is observed due to a variety
of different methodologies used within these studies. The detailed audits indicate that energy saving
measures (process optimization, heat recovery) are preferred over energy generating measures (solar
thermal, CHP), namely due to a shorter payback period. The implementation of these measures can save
up to 45% in energy consumption, and 30% in carbon emissions, depending on the branch and auditors’
recommendations. More than 30,000 t CO2e in total are identified for abatement within the detailed
audits. The best cases for significant efficiency improvement are within small companies and those
converting from high to low carbon intensity fuels, especially when burned within a CHP offsetting high
carbon electricity and thermal generation. However, more detailed audits are needed within specific
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branches to confirm these findings, as the small number of audits can be misleading due to an uneven
distribution of company size and used fuels.
This study was able to produce promising results to accelerate the acceptance of lower energy and carbon
F&B production. It is also very important to note that these encouraging results can be adapted to
numerous other industrial sectors (pharmaceuticals, laundry, and construction material fabrication, to
name a few). In this way, the F&B industry is a lighthouse for the future of low energy and carbon
industry, helping to convince other sectors to adopt similar measures.
There are some minor limitations within the study however. The collection of both basic and detailed
audits is not uniform and often contained incomplete data, due to the company’s reluctance to provide
confidential information and inconsistencies between standard units or metrics. The number of detailed
audits, especially when divided amongst branches, is small, leading to some audits skewing data due to
their very small or large size. The skill and training of the energy auditors is also non-uniform. It is
recommended that future efforts focus on one branch or one country in order to obtain a larger specific
data set, yielding a more complete picture of the energy consumption within said group.
In the coming years, more companies will implement energy efficiency measures not only to reduce
their fuel consumption but also to comply with carbon emissions targets necessary to mitigate the effects
of climate change. Once efficiency is maximized, the implementation of lower carbon and renewable
heat sources is the only way to further decrease fuel consumption and carbon emissions. One obvious
energy source is the sun, from which heat can be generated both directly through solar thermal collectors
and indirectly through PV with resistance heaters or heat pumps. The industry needs to know which
technology can generate heat or abate carbon at a lower relative cost. The remainder of this dissertation
is dedicated to developing an easy-to-use and parameter-flexible comparison methodology that
determines the lower cost renewable heat and carbon abatement technology.
Three methodologies are developed to compare the use of solar thermal process heat with upcoming
technologies that may be able to produce lower cost renewable process heat. First, solar energetic
simulations are conducted in the following chapter to determine potential energy generation as a function
of key meteorological parameters. Simulation results are later used in Chapters 4, 5, and 6 to create
comparison methodologies for three technology pairs:
•
•

Solar Thermal and PV Resistance Heat
Solar Thermal and Heat Pumps

•

Solar Thermal and PV powered Heat Pumps
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3 Methodology: Solar Energetic Simulations
Results within this section have been published in part in Applied Energy, titled “Renewable process heat from
solar thermal and photovoltaics: The development and application of a universal methodology to determine the
more economical technology” by Meyers, et al. 2018 [58].

Solar energetic simulations represent the cornerstone of the comparison methodology development.
Chapter 3 details the design of the solar thermal (ST) and photovoltaic (PV) simulation models that are
necessary to obtain a comprehensive understanding of their ability to generate thermal energy. Section
3.1 introduces the use of TRNSYS for solar simulations. Section 3.2 discusses the ST and PV simulation
design and Section 3.3 details the various boundary conditions and parameters, including load profile,
thermal storage size, collector technology, operating process temperatures, and meteorological
conditions. Section 3.4 shows how the main simulation energetic results are compiled into key metrics
that are subsequently used in Chapters 4, 5, and 6 for the development of the economic comparison
methodologies. Simulation results are used in Section 3.5 to construct graphical assessment tools to
estimate ST and PV specific yields and correction factors to compensate for the influence of various
process loads and profiles. Ultimately, the simulation analysis conducted in Chapter 3 provides the core
inputs to create the comparison methodologies that determine which technology provides renewable
process heat or abates carbon at a lower cost, given their respective boundary conditions.

3.1 Introduction
Core to the comparison methodologies creation are numerous thermodynamic simulations conducted in
TRNSYS [122], a commonly used program in the field of applied solar thermal energy research [9,123–
129]. TRNSYS is a well-tested (35+ years) software program designed to simulate the dynamic behavior
of solar and thermal energy transient systems. It consists of an extensive library of validated
components, known as “Types,” which users can assemble into customized designs to simulate any
variety of solar and thermal energy systems. During a simulation (often with sub-hourly or minute time
step intervals) an iterative process called successive substitution solves the algebraic and differential
equations until a convergence criterion is met (< 0.1% tolerance). All mathematical models of the
validated components in TRNSYS are found within the user manual [122] under the indicated “Types”.
The simulations in this study are conducted with a three-minute time step to determine the quantity of
collected solar energy used by an industrial process over the course of one calendar year. The results are
used in a financial analysis to calculate the levelized cost of heat and other metrics. Two simulation
models are created, one for ST and the other for PV, the latter for both electricity generation and
resistance heating. The ST model is based on an installed and currently operating ST process heat plant
in Germany to pre-heat water for a brewery [45,130], which has 155.5 m2ap (AST) of collector aperture
area and a 10 m3 storage tank. Annual thermal yield simulation results of the described ST model are
well within the uncertainty margin (± 4%) of the annual measured heat flows from the existing brewery’s
ST process heat plant and thus considered validated. The validated ST, and by proxy, PV model are
subsequently used for the numerous thermodynamic simulations required to develop the renewable heat
comparison methodologies.

Simulation design

3.2 Simulation design
The base model consists of three main sections, the solar collector or PV loop, storage charging loop,
and the process discharging loop, similar to prior studies [9,128,131,132]. Parameters of the individual
TRNSYS components are initially borrowed from Lauterbach [130] to aid in model validation and are
listed in Table 3.2 at the end of Section 3.3.2. Nearly all parameters are in terms of peak installed thermal
power.
There is an inherent mismatch between the standard specific units of ST and PV plants (per m2ap and per
kWp, respectively), the former which represents area and the latter power. It is advantageous to convert
all m2ap specific sizing parameters to kWp, allowing for similarly sized heat exchangers, daily process
loads, and thermal storage capacities. Traditionally, the applied factor is 0.7 kWp/m2ap. This factor was
agreed upon by a group of solar thermal experts within the IEA Solar Heating and Cooling Programme
during a task meeting in 2004 in Gleisdorf, Austria [133]. While using one factor is convenient for a
universal conversion, it does not take into account the type of collector or the wider range of operating
′
temperatures found in industry. To more accurately determine this conversion, a calculated factor (𝐹𝑃𝐴
)
2
in units of kW´p/m ap is derived. This factor estimates the peak power of an ST process heat plant with
greater accuracy because it reduces at higher process temperatures. Please note the prime in the
numerator, indicating a newly calculated term for each collector and process temperature case. The
′
“power per area” factor (𝐹𝑃𝐴
) is calculated using the standard collector efficiency equation found within
the ISO 9806:2013 standard, shown in Eq. (9) [134]. The ST collector parameters (ηo, c1, c2) come from
data sheets provided by an independent testing body, with G: 1 kW/m2 for non-concentrating and 0.8
kW/m2 for concentrating collectors, Tamb: 25 °C, and Kθ(θ): 1. Mean collector temperature (Tcoll,m) is the
mean process temperature (TP,m =[TP,flow+TP,return]/2 ) plus 10 K to account for the solar collector fluid
temperature increase across two heat exchangers between the solar field and process load (Section
3.2.1). Ten degrees is used because a 5 K log mean temperature difference (LMTD) for a counter flow
plate heat exchanger is the recommended dimensioning standard [135], which is frequently observed in
′
operating ST plants [129,132]. A graphical representation of conversion factors (𝐹𝑃𝐴
) is shown in Figure
2
3.1, with most values between 0.5 and 0.7 kW´p/m ap. The following ST collectors are assessed: Flat
Plate [FPC], Flat Plate Double Glazed [FDG], Evacuated Tube [ETC], Compound Parabolic
Concentrator [CPC], and Parabolic Trough [PTC].

′
2
𝐹𝑃𝐴
(𝑘𝑊𝑝´ ⁄𝑚𝑎𝑝
) = 𝜂0 𝐾𝜃 (𝜃)𝐺 − 𝑐1 (𝑇𝑐𝑜𝑙𝑙,𝑚 − 𝑇𝑎𝑚𝑏 ) − 𝑐2 (𝑇𝑐𝑜𝑙𝑙,𝑚 − 𝑇𝑎𝑚𝑏 )
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Figure 3.1 The “power per area” factor for ST from m2ap to kW´p based on collector type and mean process temperature
𝑆𝑇
′
Throughout the remainder of this work, the calculated peak power of an ST plant (𝑃𝑝𝑒𝑎𝑘
= 𝐹𝑃𝐴
·AST) in

units of kW´p, is only used for component sizing (i.e. heat exchanger, pump flow rate) in the energetic
simulations. For displaying results and subsequent analysis (i.e. specific yield, technology investments),
the typical specific unit of per square meter (m2ap, assumed aperture if not noted) is used in order to
avoid confusion and to keep with commonly used industry nomenclature.

3.2.1 Solar thermal model
The TRNSYS simulation model is constructed around the popularly used quasi-dynamic collector Type
832 [136–140], most recently updated by Haller et al. [141], shown in Figure 3.2 (Collector Field). The
𝑆𝑇
total installed peak power (𝑃𝑝𝑒𝑎𝑘
) required for the dimensioning of many components is calculated by

multiplying the ST collector area (AST: 155.5 m2ap) by the collector and process temperature specific
′
calculated “power per area” conversion factor (𝐹𝑃𝐴
) in Eq. (9). Connected to the ST field is the piping
network, its total length (lpipe) a function of the plant’s collector area (0.5·AST, or 77.5 m). The length of
pipes is split in half for the process/flow section and again for their location (indoor/outdoor). UA-values
of the outdoor (UAoutdoor: 6 W/K) and indoor (UAindoor: 9 W/K) flow and return pipes are determined
through a validation process of an operating ST process heat plant [130]. The flow rate (ṁsolar) of the
solar loop is recommended by the Association of German Engineers and the IEA Solar Heat and Cooling
Programme [135,142] for low flow plants at 28 l/(kW´p·h). The heat transfer fluid (cp,htf , ρhtf) is a 60/40
water-glycol mix for process load flow temperatures (TP,flow) below 120 °C. For temperatures above, a
mineral oil is used and the flow rate (ṁsolar) is multiplied by the ratio of specific heats (cp,htf / cp,oil). A
counter flow plate heat exchanger with a specific UA-value scaled to the solar process heat plant’s peak
power (uasolarHX) completes the solar loop. Finally, the input weather files to drive the solar energy
simulations come from the TRNSYS database of Typical Meteorological Year files (TMY) [143–146].
The charging loop consists of a water storage tank (Type 534 with 100 fully mixed isothermal segments
that interact in one vertical dimension [123,147–149]), charging pump, and short but necessary pipes to
allow for flexibility in heat storage and delivery. The storage tank has two charging inlet valves, located
at a relative height of 0.95 and 0.6 from the bottom, allowing for stratification, as well as an outlet at
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0.1. This tank can be pressurized, allowing for higher storage temperatures. The UA-values of the tank’s
sides, top and bottom are calculated (UAstorage) dependent on its volume and are also validated by the
same brewery in Germany [45]. The flow rate of the charging loop pump (ṁcharge) is set to match the
energy flow of the solar loop, scaled by the ratio of specific heats (ṁcharge = ṁsolar · cp,htf/oil / cp,water).
The process discharge loop has one set of short flow and return pipes (set at 1.00 and 0.05 of the storage
tank height) and another counter flow plate heat exchanger connected to the process load. The process’
energetic and temporal profiles are explained in Section 3.3.1 (qload,day, ℓ𝐶 , ṁprocess). The process heat
exchanger specific uaprocessHX value is calculated by dividing the peak hourly energy demand of the
process (Lprocess) by 5 K and 𝑃𝑝𝑒𝑎𝑘 [135]. The storage heated stream leaving the process heat exchanger
is named TP,flow,S, representing the solar energy contribution to the process load. TP,flow,S is normally below
the process’ flow set temperature (TP,flow) and acts as a preheater.
The pipe thermal loss parameters remain constant for all simulations while the storage losses change
due to various volumes under simulation. The various pumps in the ST and PV simulation models
require electricity to operate but the annual simulated sum is less than 2% of the overall solar energy
delivered to the process and was nearly equal for both technologies. The influence of pump operation
on the overall cost of heat is also approximately 2% and it affects the ST and PV plants almost equally.
The relative competitiveness influence against one another is less than 1% and thus is not included in
the final calculation or comparison methodology.
Solar Loop
Collector
Field
AST

Charging Loop

Tcoll

Tbuilding
T0.95

Storage
qstorage
UAstorage

TsolarHX
TMY2
G
Tamb

Process Discharging Loop

uaprocessHX

uasolarHX

Process Load
qload,day
TP,flow

T0.1
Lpipe
UAoutdoor
UAindoor

ṁsolar

ṁcharge

TP,flow,S

ṁdischarge

ṁprocess

TP,return

Figure 3.2 The design of the ST process heat model in TRNSYS with the grey boxes indicating variables used for plant control

3.2.2 Photovoltaic resistance heat model
The solar loop for the PV resistance heat model (with electrical cables instead of pipes) uses Type 562,
a similar model used in previous investigations [150–153]. This type represents a glazed photovoltaic
array with a field efficiency that changes as a function of the thermodynamically modeled and calculated
cell temperature and incident irradiance, assuming constant maximum power point tracking. The PV
field parameters are modelled after a high efficiency mono-silicon module from a large international
manufacturer (Figure 3.3) with details in Section 3.3.3.
The PV thermal storage charging and discharging loops are nearly identical to the ST model. To transfer
the PV generated electricity to the process load, two resistance heaters are implemented to directly heat
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the process or the storage tank with an assumed efficiency of 98 %. The total generated electricity from
the PV field is also recorded for later assessment.
While no known PV resistance process heat plant is currently in operation (thus making direct validation
impossible), the use of the same validated storage tank, heat exchangers, and pipes in the charging and
discharging loops of the ST model lend significant credibility to its accuracy. The PV model (Type 562),
like the one shown in Figure 3.3, is well tested in TRNSYS and further confirmed in multiple other
studies [150–153]. As such, the energetic results of the PV resistance process heat plant are deemed
credible and as validated as possible.
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PV Field
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UAstorage

Storage
Resistance
Heater
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TP,flow,S

Process Load
qload,day
TP,flow
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ṁcharge

Process
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Heater

ṁdischarge
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Figure 3.3 The design of the PV resistance process heat model in TRNSYS with the grey boxes indicating variables used for plant
control
𝑃𝑉
The required PV gross or module surface area to have the same designed peak installed power (𝑃𝑝𝑒𝑎𝑘
)
𝑆𝑇
′
as its ST counterpart (𝑃𝑝𝑒𝑎𝑘
) is on average two to three times larger (Table 3.2). Using 𝐹𝑃𝐴
, the “power

per area” factor, the required PV module or gross area (APV) in Eq. (10) is calculated with its STC
efficiency (ηPV), subsequently used for annual performance metrics.

′
𝐴𝑃𝑉 (𝑚𝑔2 ) = 𝐹𝑃𝐴
· 𝐴𝑆𝑇 ⁄𝜂𝑃𝑉

(10)

3.2.3 Solar thermal model control
A constant speed pump (ṁsolar) in the solar loop is operated between an upper and lower deadband of 7
K and 3 K between the collector (Tcoll) and bottom storage tank temperature (T0.1), respectively. A second
constant speed pump (ṁcharge) in the charging loop is activated using the same deadband as the solar
loop, but by comparing temperatures between the heat exchanger (TsolarHX) and the bottom storage tank
(T0.1). A three-way valve directs flow into either of the tank’s charging inlets dependent on its
temperature to maintain better stratification. The discharging of the storage tank is initiated by
comparing the temperature at the top of the storage (T0.95) to that of the process load return temperature
(TP,return) with upper and lower deadbands of 10 and 5 K, respectively. The discharge mass flow rate
(ṁdischarge) from the storage tank is regulated to fully meet the process load heat requirements. If that is
not possible due to low storage tank temperatures (as often was the case), the maximum tank discharge
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flow is set to 90 % of the maximum hourly flow of the process (ṁprocess) [130], thus acting as a process
preheater. If the solar heated process flow (TP,flow,S) did not reach the desired process temperature (TP,flow),
the remainder is heated by a traditional, but not modeled, fossil fuel boiler. The solar collector and
storage have temperature protection implemented, which turns off their respective pumps (ṁsolar, ṁcharge)
at the given conditions for specific process temperatures in Table 3.1.
Table 3.1 The shutoff protection parameters for the collector and storage, defined for certain process temperatures

Monitored Parameter
Collector
(Tcoll)
Storage
(T0.95max)

For TP,flow
< 120°C
≥ 120 °C
≤ 90 °C
> 90 °C and < 120 °C
≥ 120 °C

Shutoff Temperature at:
130 °C (Glycol)
250 °C (Thermal Oil)
95 °C
130 °C
TP,flow + 30 °C

3.2.4 Photovoltaic model control
All generated electrical energy is directed to the process resistance heater when the instantaneous
process load (LProcess) is greater than the available power produced by the PV solar loop (PPV), in Figure
3.3. If excess electricity is generated, it is redirected to the charging loop (storage) resistance heater. The
charging loop variable speed pump flow rate (ṁcharge) is adjusted using Eq. (11) to store the heat with
high stratification to obtain the T0.95max temperature.

𝑚̇𝑐ℎ𝑎𝑟𝑔𝑒 (𝑘𝑔⁄𝑠 ) = (𝑃𝑃𝑉 − 𝐿𝑃𝑟𝑜𝑐𝑒𝑠𝑠 )⁄[𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 · (𝑇0.95𝑚𝑎𝑥 − 𝑇0.1 )]

(11)

The discharge mass flow rate (ṁdischarge) of the storage tank is regulated by determining the difference
between the process load and generated PV power. If there is a deficit, ṁdischarge is calculated to heat the
difference via the process heat exchanger using Eq. (12). To account for the temperature difference
across the heat exchanger, 5 K added to the denominator, as recommended by the Associations of
German Engineers [135] and observed in currently operating ST process heat plants [129,132].

𝑚̇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (𝑘𝑔⁄𝑠 ) = (𝐿𝑃𝑟𝑜𝑐𝑒𝑠𝑠 − 𝑃𝑃𝑉 )⁄[𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 · (𝑇0.95 − 𝑇𝑃,𝑟𝑒𝑡𝑢𝑟𝑛 + 5)]

(12)

Storage discharge only occurs when there was a 10 K or greater difference between the upper storage
tank temperature (T0.95) and the process return temperature (TP,return), similar to the ST configuration. If
the storage tank ever becomes fully heated (Table 3.1) while the process is completely heated by the PV
field, excess electricity is considered wasted. This energy is not included in the energetic assessment.

3.3 Simulation boundary conditions and parameters
The performance of the ST and PV process heat plants relies heavily on numerous parameters such as
process load, profile, and temperature, technology choice, storage size, and site meteorological
conditions. Simulations are conducted to determine the relationship between these parameters and the
ability of both plants to generate heat to offset fossil fuel consumption. The input TRNSYS parameters
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for each comparative simulation are the same for both simulation models because all were in specific
per kWp terms and both plants are sized to have the same peak output.

3.3.1 Process load and profile
The specific daily process load (qload,day) is defined as the daily energetic demand of the industrial process
𝑆𝑇,𝑃𝑉
divided by the installed peak power (𝑃𝑝𝑒𝑎𝑘
) of the solar process heat plant, Eq. (13). Three specific

daily process load values are simulated [5, 10, and15 kWh/(kWp·d)] which represent a low, medium and
high process load case, similar to the prior works of Lauterbach, Hess and Oliva [130,154] and
′
remembering to convert the ST area to power using 𝐹𝑃𝐴
from Eq. (9). For the three cities (further
discussed in 3.3.4) with high annual solar irradiation (Dongola, Jerusalem, Abu Dhabi), a larger [7.5
kWh/(kWp·d)] low load case is used to avoid excessive overheating and stagnation due to the very high
daily irradiation during summer.

A specific daily process load of 30 kWh/(kWp·d) with a constant temporal profile throughout the year,
called the “Infinite Load Case” (ILC), is used to showcase an ideal situation in which all thermal energy
is immediately transferred to the process load, thus eliminating the need for storage and a solar loop heat
exchanger.
24
𝑆𝑇,𝑃𝑉
𝑞𝑙𝑜𝑎𝑑,𝑑𝑎𝑦 (𝑘𝑊ℎ⁄𝑘𝑊𝑝 ) = ∑ 𝑚̇𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖 · 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 · (𝑇𝑃,𝑓𝑙𝑜𝑤𝑖 − 𝑇𝑃,𝑟𝑒𝑡𝑢𝑟𝑛𝑖 )⁄𝑃𝑝𝑒𝑎𝑘

(13)

𝑖=1

Four specific hourly load profiles are recommended [130,131,155] to represent typical industrial cases,
named “Practical Load Cases” (PLC), used in conjunction with the specific daily process load (qload,day).
One is a near constant load profile ( ℓ𝐶 ), the second for a daytime one-shift profile ( ℓ𝐷 ), the third for a
heated bath application with a nighttime peak ( ℓ𝐵 ), and the last for variable hot water use ( ℓ𝑉 ). For
instance, if variable hot water is required for an industrial plant operating five days a week, its symbol
is ℓ5𝑉 . The specific hourly load (ℓ) is the percent of the daily load per hour, or in units of d/h, which sum
to one during a 24-hour period (Figure 3.4). All profiles require heat every week during the year. The
hourly process load (Lprocess), used in the TRNSYS simulations, is determined by multiplying a specific
daily load profile (ℓ) by the specific daily load (qload,day) and the installed power of the solar process heat
𝑆𝑇,𝑃𝑉
plant (𝑃𝑝𝑒𝑎𝑘
), in Eq. (14).
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Hour of day
Figure 3.4 Simulated specific hourly load profiles in fractional unit of percent of day/hour (% d/h)

𝐿𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖 (𝑘𝑊) = ℓ7𝑐 · 𝑞𝑙𝑜𝑎𝑑,𝑑𝑎𝑦 · 𝑃𝑝𝑒𝑎𝑘 = 𝑚̇𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖 · 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 · (𝑇𝑃,𝑓𝑙𝑜𝑤𝑖 − 𝑇𝑃,𝑟𝑒𝑡𝑢𝑟𝑛𝑖 )

(14)

During the year, companies often undergo periods of downtime when the facility is closed and no
generated process heat can be used. This occurs during vacation periods, summer breaks, or planned
outages for equipment repair. To quantify this negative effect on the annual solar yield, a one-week and
one-month vacation period is simulated for twelve evenly spaced instances throughout the year. Two
collectors (FPC, ETC) and temperature ranges (low, high) are tested for nine sites of interest, as
preliminary simulation results indicate that the effect of vacation is largely independent of collector type
and hourly/weekly process load profile.

3.3.2 Thermal storage
The specific thermal storage capacity (qstorage), in units of kWh/kWp, is defined by the potentially stored
thermal energy between the storage protection temperature (T0.95max) and the process return temperature
𝑆𝑇,𝑃𝑉
(TP,return) divided by the peak installed capacity of the solar process heat plant (𝑃𝑝𝑒𝑎𝑘
). A typical specific

storage capacity for domestic applications is recommended at 50 l/m2ap [135,154] and for industry
between 30 and 70 l/m2ap [123,131,155,156], independent of process temperature. Lauterbach converts
liters to kilowatt-hours to account for various process temperatures [130] and recommends a specific
thermal storage capacity between 3 and 9 kWh/m2ap for low temperature ST process heat plants in central
European climates. To better compensate for higher process temperatures and higher solar irradiation
′
regions, the specific storage capacities are widened to 4, 10, and 16 kWh/kWp, using 𝐹𝑃𝐴
in Eq. (9) to
convert the ST collector area to power. For the three cities with very high annual solar irradiation, a
larger 7 kWh/kWp low storage capacity is used for five-day load profiles to avoid excessive overheating

and stagnation, discussed in Section 3.3.4. The storage tank volume (Vstorage) is calculated in Eq. (15)
for the TRNSYS simulations with the appropriate dimensional analysis.
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𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒 (𝑚3 ) = 𝑞𝑠𝑡𝑜𝑟𝑎𝑔𝑒 · 𝑃𝑝𝑒𝑎𝑘 ⁄(𝜌𝑤𝑎𝑡𝑒𝑟 ∙ 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 ∙ (𝑇0.95𝑚𝑎𝑥 − 𝑇𝑃,𝑟𝑒𝑡𝑢𝑟𝑛 ))

(15)

A flow chart of the dimensioning calculations is shown in Figure 3.5, indicating the input parameters
and the calculated values required for the TRNSYS simulations, summarized in Table 3.2.
Parameters

Eq. 9
′ :0.682
𝐹𝑃𝐴

𝑇𝑃,𝑓𝑙𝑜𝑤: 70 °C

𝑇𝑃,𝑟𝑒𝑡𝑢𝑟𝑛: 40 °C
𝐶

𝑒𝑐𝑡

𝑃𝑝𝑒𝑎𝑘 : 106 kWp

: ETC
Eq. 10
559 m2g

𝐴𝑆𝑇 : 155.5 m2ap
𝑃𝑉:

𝐴𝑃𝑉:

0.19
Eq. 14
𝐿𝑝𝑟𝑜𝑐𝑒𝑠𝑠 : 31.8..53 kW

𝑞𝑙𝑜𝑎𝑑,𝑑𝑎𝑦: 10 kWh/(kWp·d)
𝐶

𝑘 ´
𝑚

: 0.03..0.05 d/h

Eq. 15
𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒
.5 𝑚3

𝑞𝑠𝑡𝑜𝑟𝑒: 16 kWh/kWp

Figure 3.5 A flow chart detailing the calculation of TRNSYS inputs
Table 3.2 A summary of the TRNSYS model parameters (1- For glycol and oil fluids, respectively)

Solar Loop
AST
APV
cp,htf
lpipe
ṁsolar
ρ
UAindoor
UAoutdoor
uasolarHX

Value
155.5
427.5..581.6
3.875, 2.4
77.5
28.5, 45.5
999.5, 780
9
6
200

Units
m2ap
m2g
kJ/(kg·K)
m
kg/(h·kWp)
kg/m3
W/K
W/K
W/(kWp·K)

Charging Loop
ṁcharge
qstorage
UAstorage
Vstorage

26
4..16
4.7..30.6
4.4..34.8

kg/(kWp·h)
kWh/kWp
W/K
m3

Discharging Loop
ṁdischarge
ṁprocess
qload,day
uaprocessHX

up to 90 % ṁprocess
7.3..46.5
5..15
185..1170

kg/(kWp·h)
kg/(kWp·h)
kWh/(kWp·d)
W/(kWp·K)

1
1
1

3.3.3 Collectors and process temperatures
Five ST collectors (Flat Plate [FPC], Flat Plate Double Glazed [FDG], Evacuated Tube [ETC],
Compound Parabolic Concentrator [CPC], and Parabolic Trough [PTC]) and one PV collector are
selected for simulation. For the infinite load case (ILC), a large range of flow temperatures is simulated
with 10 K increments, each with a temperature lift of 30 K. For the practical load cases (PLCs), each
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thermal collector is simulated at three temperature intervals, fitting for their potential applications in
industry. The single PV collector covers all noted temperature ranges. The ST collector model
implements the quasi-dynamic testing method [134] parameters used by TRNSYS (Table 3.3),
according to aperture area. The PV model parameters are provided by a manufacturer (Table 3.4).
Incident angle modifiers [transverse (Kθt), longitudinal (Kθl), and diffuse (Kθd)], abbreviated IAM, are
implemented as provided by the data sheets, but only the diffuse value is shown in Table 3.3. The
transverse and longitudinal values are provided in Appendix 10.2. Both ST and PV fields have
inclination angles (β) of 15 degrees less than the respective site’s latitude (φ), at zero azimuth angle, set
to optimize summer performance [130,131]. If the inclination angle is calculated to be less than 15
degrees (i.e. Dongola, Abu Dhabi, Sydney, Kuching), it is set to 15 degrees, a common minimum for
ST collector operation and self-cleaning [157]. The ratio of ST collector aperture to gross area (Rap,g) is
noted and later used for land use calculations.
Table 3.3 Solar collector simulation parameters and process load temperatures

ηo (-)
c1 (W/m2apK)
c2 (W/m2apK2)
c5 (J/m2apK)
Kθd
Rap,g
ILC (°C)
PLC 1 (°C)
PLC 2 (°C)
PLC 3 (°C)

Return
Flow
Return
Flow
Return
Flow
Return
Flow

FPC
0.850
3.52
0.0167
4800
0.88
0.92
20..80
50..110
30
60
45
75
60
90

FDG
0.801
2.22
0.0096
7876
0.93
0.92
40..100
70..130
45
75
60
90
75
105

ETC
0.750
1.442
0.007
9051
0.89
0.67
50..110
80..140
45
75
60
90
75
105

CPC
0.644
0.749
0.005
10337
0.94
0.88
60..120
90..150
60
90
75
105
90
120

PTC
0.696
0.253
0.0016
2656
0.00
0.85
80..140
110..170
75
105
90
120
110
140

Table 3.4 Solar PV collector simulation parameters, Gt is the incident irradiance on the tilted collector surface

PV (Mono-silicon)
STC Efficiency (ηPV) at 25 °C and Gt:1000 W/m2
Temperature Coefficient (1/K)
Irradiance Efficiency Modifier (%)

19%
-0.0038
0.0502·ln(Gt)+0.6833

Two unique considerations are made for the PTC, end losses and row shading. End losses occur when
light reflects off the mirror but outside of the receiver area and will reduce the effective irradiance
incident on the receiver. Row shading occurs when the sun is low in the sky, causing part of the parabolic
mirror to be shaded by another mirror. End losses are calculated by Eq. (16), with the focal length (lfocal)
and collector length (lcol) being 0.647 m and 10 m, respectively, knowing the beam incident angle on the
collector (θi). Row shading is modeled as part of the transversal IAM (KθT), in Eq. (17) [158], with Row
Width (RW) set to three as the distance between each PTC axis.

𝜂𝑒𝑛𝑑−𝑙𝑜𝑠𝑠 = 1 −

𝑓𝑜𝑐𝑎𝑙

· 𝑡𝑎𝑛 𝜃𝑖 ⁄

𝑐𝑜𝑙

𝑅𝑊 · 𝑐 𝑠 𝜃𝑇 𝑓 0 ≤ 𝑅𝑊 · 𝑐 𝑠 𝜃𝑇 ≤ 1
𝑓 𝑅𝑊 · 𝑐 𝑠 𝜃𝑇 ≥ 1
𝐼𝐴𝑀𝑇 = {
1
𝑓 𝑅𝑊 · 𝑐 𝑠 𝜃𝑇 < 0
0
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3.3.4 Locations
Simulated locations are selected in two phases, for the Infinite and Practical Load Cases (ILC and PLC,
respectively). To aid in future regression analysis for the ILCs, over 800 locations are chosen from the
TRNSYS extended weather library. These locations represent nearly every combination of annual mean
daytime ambient temperature (Tamb,day) and annual solar irradiation (H, Hbn). Every ILC simulation case
(~28,000 in total), which requires no thermal storage, lasts ten seconds, summing to approximately 75
hours of simulation time. The PLC simulations include a one-dimensional 100 node thermal storage to
accurately model the charging and discharging process of the collected thermal energy and the
associated thermal losses. This increases the simulation time to five minutes per case. If this were
simulated for every location, it would require more than a year of computation and is simply not feasible.
Instead, nine locations are selected from the ILC 800 that best represent the range of all possible
meteorological conditions, in Table 3.5. Figure 3.6 highlights the nine PLC simulation locations in red
along with the more than 800 (in blue) used for the ILC analysis (H and Hbn, respectively).
Table 3.5 The nine selected sites from the ILC 800 locations for simulation analysis, detailing their solar irradiation, average daytime
ambient temperature, and latitude, representing a wide range of meteorological conditions

Location
Dongola, Sudan
Jerusalem
Abu Dhabi, UAE
Eagle, Colorado, USA
Sydney, Australia
Kuching, Malaysia
Kursk, Russia
Bologna, Italy
Copenhagen, Denmark

H
(kWh/m2a)
2476
2093
1957
1715
1608
1603
1222
1201
988

Hbn
(kWh/m2a)
2843
2404
1605
2031
1450
907
1334
894
899

H (kWh/m2a)

Tamb,day
(°C)
29.8
18.3
29.2
9.6
19.5
27.4
9.1
16.8
10.6

Latitude
(°)
19.17
31.78
24.43
39.65
-33.87
1.15
51.77
44.53
55.67

Hbn (kWh/m2a)
3000

2500
in kWh/m2a

2000

bn

1500

2000
1500

H

H in kWh/m2a

2500

1000

1000
5

10

15
20
25
T
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°C
Tamb,day
(°C)
amb,day

30

35

5

10

15
20
25
TTamb,day
in
°C
(°C)
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Figure 3.6 Illustration of the nine selected locations for the PLC highlighted in red, along with the other 800 ILC sites found in the
TRNSYS database, for global (left) and beam (right) irradiation
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3.4 Key metrics
The ST and PV parametric simulations are carried out in TRNEdit to successively simulate the many
cases of both validated TRNSYS models. The main simulation result is the quantity of solar process
heat that is consumed by the process (Section 3.4.1). Correlations between the generated process heat
and meteorological conditions are developed to aid in the quick assessment methodology for the ILC
(Section 3.4.2). Correction factors for the PLC and vacation cases are determined (Section 3.4.3) to
adjust the ILC correlations to accurately estimate solar process heat yields in typical industrial
conditions.

3.4.1 Energy
The primary simulation result is the annual delivered energy in kWh from the solar process heat plant
to the process, inclusive of thermal losses from the storage, pipes, and heat exchanger in Eq. (18).
8760
𝑆𝑇,𝑃𝑉
(𝑘𝑊ℎ)
𝑄𝑎𝑛𝑛𝑢𝑎𝑙

= 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 ∑ 𝑚̇𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖 · (𝑇𝑃,𝑓𝑙𝑜𝑤,𝑆𝑖 − 𝑇𝑃,𝑟𝑒𝑡𝑢𝑟𝑛𝑖 )

(18)

𝑖=1

The generated PV electricity received directly from the PV field is recorded by simply summing the
produced power over the year, in Eq. (19).
8760

𝐸𝑠𝑜𝑙 (𝑘𝑊ℎ) = ∑ 𝑃𝑖𝑃𝑉

(19)

𝑖=1

The system utilization ratio (ηutil), a measure of how efficiently a solar collector converts solar irradiation
to thermal energy throughout the year, is the annual delivered energy divided by the annual irradiation
on the collector’s surface, in Eq. (20).

𝑆𝑇,𝑃𝑉
𝑆𝑇,𝑃𝑉
𝜂𝑢𝑡𝑖𝑙
= 𝑄𝑎𝑛𝑛𝑢𝑎𝑙
⁄(𝐻𝑡 ∙ 𝐴 𝑆𝑇,𝑃𝑉 )

(20)

The performance ratio (PR) is similar to the system utilization ratio but for PV electricity generation. It
determines how effective PV is relative to its installed peak power, in Eq. (21).

𝑃𝑅 = 𝐸𝑠𝑜𝑙 ⁄(𝐻𝑡 · 𝐴𝑃𝑉 · 𝜂𝑃𝑉 )

(21)

The last key metric is the annual specific yield that reports how much thermal energy is delivered to the
process per base unit of collector, typically m2ap for ST in Eq. (22) and kWp for PV in Eq. (23), and thus
in units of kWhth/m2ap and kWhth/kWp, respectively. To distinguish between then ILC and PLC results,
their name is indicated in the superscript, next to the respective technology (ST or PV). The specific PV
electrical yield in kWhel/kWp is defined in Eq. (24) and is calculated using the PV field output during
𝑃𝑉
𝑃𝑉
the ILC. During these cases, 𝑞𝑠𝑜𝑙
and 𝑒𝑠𝑜𝑙
are essentially identical (sans the 98% electrical to thermal
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𝑃𝑉
conversion efficiency) and are considered the same in the ILC. For the PLC simulations, 𝑞𝑠𝑜𝑙
reduces
𝑃𝑉
due to the new load profiles and the incorporation of a thermal storage, while 𝑒𝑠𝑜𝑙
remains the same.

𝑆𝑇
𝑆𝑇
2
⁄𝐴𝑆𝑇
𝑞𝑠𝑜𝑙
(𝑘𝑊ℎ𝑡ℎ ⁄𝑚𝑎𝑝
) = 𝑄𝑎𝑛𝑛𝑢𝑎𝑙

(22)

𝑃𝑉
𝑃𝑉
𝑃𝑉
𝑞𝑠𝑜𝑙
(𝑘𝑊ℎ𝑡ℎ ⁄𝑘𝑊𝑝 ) = 𝑄𝑎𝑛𝑛𝑢𝑎𝑙
⁄𝑃𝑝𝑒𝑎𝑘

(23)

𝑃𝑉
𝑃𝑉
𝑒𝑠𝑜𝑙
(𝑘𝑊ℎ𝑒𝑙 ⁄𝑘𝑊𝑝 ) = 𝐸𝑠𝑜𝑙 ⁄𝑃𝑝𝑒𝑎𝑘

(24)

3.4.2 Correlations for ILC
The ILC simulations main results are the annual specific yields of the ST and PV process heat plants, in
𝑆𝑇
𝑃𝑉
𝑃𝑉
Section 3.4.1. Both 𝑞𝑠𝑜𝑙
and 𝑒𝑠𝑜𝑙
(and by association 𝑞𝑠𝑜𝑙
) show significant correlation to key
parameters that can accurately estimate their magnitude in a multiple linear regression analysis. A “gen”
𝑆𝑇
𝑃𝑉
in the subscript indicates the “generalized” linear regression model of 𝑞𝑠𝑜𝑙
and 𝑒𝑠𝑜𝑙
. Similar methods
are investigated by Martínez et al. [159], using the latitude and direct irradiation fraction to estimate the
annual specific yield for concentrating collectors between 100 and 310 °C with no integrated thermal
storage.
𝑆𝑇
The ST yield (𝑞𝑠𝑜𝑙
) demonstrates strong correlations to the annual global horizontal irradiation (H),
beam normal irradiation (Hbn), and the difference between the mean process temperature (TP,m = [TP,flow
+ TP,return]/2) and annual mean daytime ambient temperature (Tamb,day), named Tdiff. A simple model is

selected to estimate the ST yield based on these parameters, in Eq. (25). The parameter coefficients and
model performance are discussed in Section 3.5.1.2

𝑆𝑇,𝐼𝐿𝐶
𝑞𝑠𝑜𝑙,𝑔𝑒𝑛
(

𝑘𝑊ℎ
) = 𝜃0 + 𝜃1 · 𝐻 + 𝜃2 · 𝐻𝑏𝑛 + 𝜃3 · 𝑇𝑑𝑖𝑓𝑓 + 𝜃4 · 𝐻 ⁄𝑇𝑑𝑖𝑓𝑓
2
𝑚𝑎𝑝

(25)

The PV yield, in terms of electricity and thermal output for the ILC, is essentially process temperature
independent due to the nature of electrical resistance heating at the temperature levels under
investigation and therefore not included in the regression equation. There is a notable relationship with
the latitude (φ in degrees) that essentially compensates for the change of collector tilt angle and lower
ambient temperatures observed at higher latitudes, in Eq. (26). The beam irradiation (Hbn) could have
been used instead with similar model accuracy, but latitude is selected as this information is more readily
available to project installers. Both of these equations serve as a quick assessment tool for interested
project developers or solar installers to obtain a reasonable energetic yield estimate from easily
obtainable meteorological inputs.

𝑃𝑉
𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
(

𝑘𝑊ℎ
) = 𝜃0 + 𝜃1 · 𝐻 + 𝜃2 · 𝜑
𝑘𝑊𝑝

(26)
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3.4.3 Correction factors
A quick ILC solar yield estimate is helpful for initial assessments but it overestimates the energy
generation of an actual plant installed to heat an industrial process. The PLC simulations provide a more
accurate solar yield estimate but results are numerous and difficult to condense into one simple formula.
To remedy this situation, two correction factors are determined to help correct the ILC correlations of
the ST and PV annual specific thermal yield. This compensates for the negative effects of process loads,
thermal storages, and facility outages due to vacation or planned maintenance, in Eq. (27) and (28).

𝑆𝑇,𝑃𝐿𝐶
𝑞𝑠𝑜𝑙,𝑔𝑒𝑛
(

𝑘𝑊ℎ
𝑆𝑇,𝐼𝐿𝐶
) = 𝑞𝑠𝑜𝑙,𝑔𝑒𝑛
· 𝐹ℓ′ · 𝐹𝑉′
2
𝑚𝑎𝑝

(27)

𝑃𝑉,𝑃𝐿𝐶
𝑞𝑠𝑜𝑙,𝑔𝑒𝑛
(

𝑘𝑊ℎ
𝑃𝑉
) = 𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
· 𝐹ℓ′ · 𝐹𝑉′
𝑘𝑊𝑝

(28)

The PLC correction factor (𝐹ℓ′ ) is calculated for every PLC simulation by dividing the ST or PV specific
thermal yield by its respective ILC case, causing all values to be less than one. The vacation correction
factor (𝐹𝑉′ ) is calculated in a similar fashion, by dividing the ST or PV specific thermal yield under the
influence of vacation by its respective PLC case. The influences of both are discussed in Section 3.5.2.

3.5 Simulation results
The simulation results and subsequent calculations are instrumental in determining the lower cost solar
process heat technology. Three locations are highlighted as examples, which represent low
(Copenhagen, Denmark), medium (Sydney, Australia), and high (Dongola, Sudan) solar irradiation and
ambient temperature regions. The “Infinite Load Case” (ILC) specific yields are first reviewed in
Section 3.5.1 that serve as an optimal starting point for solar process heat plants (full energy offtake, no
storage, minimal losses). Trends are observed per collector between the available solar irradiation,
ambient temperature, and process temperature. Nomograms are constructed from the regression models.
The “Practical Load Case” (PLC) results and the correction factors are discussed in Section 3.5.2.
𝑆𝑇
The ST model is validated by comparing system utilization ratios ( 𝜂𝑢𝑡𝑖𝑙
) to those simulated by
Lauterbach [8,130] using the same simulation parameters. Lauterbach’s model is validated on an ST
process heat plant for a beer brewing company located in central Germany [45]. When this model was
compared to the actual plant measurements, it yielded a 2.2% greater system utilization ratio, a slight
overestimation. The margin of error for the temperature and flow measurement equipment was ±4%, so
the Lauterbach model is considered validated.

To best match the validation of the German brewery and thus consider the current ST model validated,
simulation parameters are chosen that best match its typical operating conditions, in Table 3.6. Please
note that qload,day and qstorage are in terms of kWh/m2ap to match the methodology used by Lauterbach but
remain in kWh/KWp for all non-validation cases. Two collectors are simulated, FPC and ETC.
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Table 3.6 Simulation parameters for ST model validation

Load Profile
(d/h)
Constant ( ℓ7𝐶 ) 7-day
Daytime ( ℓ5𝐷 ) 5-day

qload,day
(kWh/m2ap)
4,6,10

TP,flow..TP,return
(°C)
15..60
40..70

qstorage
(kWh/ m2ap)

Location

3,5,7

Würzburg

In total, 72 simulations were run of all permutations from the simulation parameters in Table 3.6. The
𝑆𝑇
simulations have a relative difference in 𝜂𝑢𝑡𝑖𝑙
with respect to the Lauterbach simulations ranging
between 1% and -3%, with an average of -1.15% (Figure 3.7, left) with each mark indicating one unique
simulation. An error distribution is shown on the right. Since these results also fall within an acceptable
range of error (<4% from measurements), the current ST model is considered validated.

Relative
Difference
1%

Difference
Frequency
30%
25%

0%

20%
15%

-1%
10%

5%

-2%

0%
-2.5% -2.0% -1.5% -1.0% -0.5% 0.0% 0.5% 1.0%

-3%
Simulation Cases

Relative Difference Bins

Figure 3.7 Results of the ST model validation. Relative differences varied between -3 and 1% with a mean of -1.15%

The PV model uses the same main components (pipes, storage tank, insulation, heat exchangers), only
replacing the solar thermal field with an electrical resistance heater. While not directly validated, it
serves as a good approximation as what may be installed in the future, as no PV process heat plant is
currently in operation.

3.5.1 Infinite load cases
The first phase of simulation results (ILC) is discussed within this section. The energetic results for three
representative cities (Copenhagen, Sydney, and Dongola) are displayed in Section 3.5.1.1 for low,
medium, and high solar irradiation and ambient temperature locations, respectively. The results of the
multiple linear regression assessment to accurately estimate the ILC ST and PV yield for any location
is presented in Section 3.5.1.2. Constructed nomograms from the regression results are displayed in
Section 3.5.1.3 to provide an easy-to-use tool to quickly assess potential solar specific yield.

3.5.1.1 Main results
The primary energetic results for the ILCs are shown in Figure 3.8 (FPC) and Figure 3.9 (PTC),
partitioned by the mean process temperature (TP,m). The specific ST and PV yields are displayed on the
left Y-axis while the ST utilization ratio and PV Performance Ratio are on the right Y-axis.
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Figure 3.9 The results of the ILC simulations, displaying the key performance results for three cities using a PTC at three mean
process temperatures

The simulation results follow the expected trends and the solar specific yields are similar to prior studies
[9,150,155,160,161], but expectedly higher due to the ideal infinite load. In all cases, the ST specific
𝑆𝑇
𝑆𝑇
yield (𝑞𝑠𝑜𝑙
) and system utilization ratio (𝜂𝑢𝑡𝑖𝑙
) terms decrease consistently as the process temperature
increases and increase in higher ambient temperature and irradiation locations. This is contrary to the
PV results because the specific yield remains near constant as process temperature increases. The
Performance Ratio (PR) decreases in regions with higher ambient temperatures, primarily due to the
negative relationship between efficiency and PV cell temperature (Table 3.4). The PR value, between
0.8 and 0.9, is expected in comparison to prior literature [162,163].

3.5.1.2 Regression assessment
𝑆𝑇,𝐼𝐿𝐶
𝑃𝑉,𝐼𝐿𝐶
𝑃𝑉
The ILC solar specific yields of the ST (𝑞𝑠𝑜𝑙
) and PV (𝑞𝑠𝑜𝑙
, 𝑒𝑠𝑜𝑙
) plants are used in a multiple

linear regression analysis to create a function that accurately estimates the annual yield as a function of
key inputs such as solar irradiation, process temperature, and mean daytime ambient temperature.
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The ST annual specific yield is estimated using Eq. (25). The “gen” subscript indicates a generalized
solar yield, not directly calculated from a simulation.

𝑆𝑇,𝐼𝐿𝐶
𝑞𝑠𝑜𝑙,𝑔𝑒𝑛
(

𝑘𝑊ℎ
) = 𝜃0 + 𝜃1 · 𝐻 + 𝜃2 · 𝐻𝑏𝑛 + 𝜃3 · 𝑇𝑑𝑖𝑓𝑓 + 𝜃4 · 𝐻 ⁄𝑇𝑑𝑖𝑓𝑓
2
𝑚𝑎𝑝

(25)

The regression results (from 28,000 simulations) yield the model parameters in Table 3.7, including the
calculated root-mean-square-error (RMSE). The p-values for all parameters were less than 0.01,
indicating significance.
Table 3.7 Model parameters to estimate the ST yield for ILC

θ0
θ1
θ2
θ3
θ4
RMSE

FPC
486
0.208
0.226
-10.4
3.25
4.29%

FDG
470
0.249
0.195
-7.8
2.94
3.68%

ETC
346
0.209
0.202
-4.9
4.96
3.76%

CPC
317
0.227
0.185
-3.9
4.44
2.85%

PTC
43
0
0.527
-1.9
3.36
7.70%

𝑆𝑇,𝐼𝐿𝐶
A plot of the generalized 𝑞𝑠𝑜𝑙,𝑔𝑒𝑛
model fit is shown for an ETC in Figure 3.10. The X-axis represents

the simulated ST yield results in TRNSYS and the Y-axis represents the generalized form calculated by
Eq. (25) with parameters from Table 3.7. Each plotted point represents one ILC simulation, colored
according to the differential temperature between the mean process and daytime ambient temperature
(Tdiff). The solid black diagonal line signifies a perfect model fit with the two dashed lines representing
an error of ±10%. Results from the regression analysis show an RMSE error of less than 5% for all nonconcentrating collectors, and 7.7% for the parabolic trough, in-line with the uncertainty from the
TRNSYS model validation. The linear regression model is least accurate in cases of low solar yield (<
300 kWh/m2ap) at high Tdiff. Such cases would be rare in industry and are still accurate to ±20%. Similar
plots of the other collectors are found in Appendix 10.3.
𝑆𝑇,𝐼𝐿𝐶
𝑞𝑠𝑜𝑙,𝑔𝑒𝑛

Tdiff

(kWh/m2ap·a)

𝑆𝑇,𝐼𝐿𝐶
𝑞𝑠𝑜𝑙,𝑙𝑜𝑐𝑎𝑙

(°C)

(kWh/m2ap·a)

Figure 3.10 The results of the ST yield model generalization method using multiple linear regression
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The generalized PV specific yield for the ILC is derived in Eq. (26).

𝑃𝑉
𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
(

𝑘𝑊ℎ
) = 𝜃0 + 𝜃1 · 𝐻 + 𝜃2 · 𝜑
𝑘𝑊𝑝

(26)

The model parameters are shown in Table 3.8, which results in an RMSE of 2.81%. Both parameters
𝑃𝑉
have p-values less than 0.01. A plot of the generalized 𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
model fit is shown in Figure 3.11. The
X-axis represents the simulated PV yield results in TRNSYS and the Y-axis represents the generalized
form calculated by Eq. (26). Each plotted point represents one ILC simulation, colored according to the
simulation’s latitude. The solid black diagonal line signifies a perfect model fit with the two dashed lines
an error of ± 10%. The developed model unevenly overestimates the PV yields in latitudes above 50°
but is still within a 10% margin of error.
Table 3.8 The model parameters to estimate the PV yield, both electrical and thermal (ILC)

𝒆𝑷𝑽
𝒔𝒐𝒍,𝒈𝒆𝒏
𝜃0
-279.7

𝜃1
0.89

𝜃2
7.52

Latitude

(kWh/kWp)

(°)

(kWh/kWp)
Figure 3.11 The results of the PV yield model generalization method using multiple linear regression

3.5.1.3 Nomograms
Using the developed regression equations in the prior section, nomograms are created to quickly
determine the ILC specific yields without the need for calculation or simulation. Nomograms to
𝑆𝑇,𝐼𝐿𝐶
𝑃𝑉
calculate the 𝑞𝑠𝑜𝑙,𝑔𝑒𝑛
for an ETC and 𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
are shown in Figure 3.12 and Figure 3.13. Nomograms

for all ST collectors are found in Appendix 10.4.
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Figure 3.12 Nomogram to estimate the ILC ST yield for an ETC

To determine the ST yield, first calculate the differential temperature (Tdiff) between the mean process
temperature (TP,m) and annual mean daytime ambient temperature (Tamb,day), which for the displayed case
is 60 °C (Figure 3.12). From this point, draw a vertical line up until the site’s known global horizontal
irradiation (H), 1400 kWh/m2a in this case. At this intersection point, draw a straight-line right until the
intersection point of the site’s direct normal irradiation (Hbn), 1000 kWh/m2a in this example. To
𝑆𝑇,𝐼𝐿𝐶
determine 𝑞𝑠𝑜𝑙,𝑔𝑒𝑛
, draw a line down from the last intersection, which results in an estimated yield of

662 kWh/m2ap. The process is similar for the PV yield estimate in Figure 3.13, which also displays the
simulated locations at their respective latitude and the global irradiation, its color an indication of
magnitude. With a known site latitude (X-axis) and global irradiation (H), find the intersection and draw
a line left to the Y-axis. At site latitude of 30° and an H of 1600 kWh/m2a, the ILC PV thermal and
electrical yield is estimated to be 1370 kWh/kWp.
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𝐼𝐿𝐶
𝑒𝑠𝑜𝑙,𝑔𝑒𝑛

H

(kWh/kWp)

(kWh/m2a)
H (kWh/m2a)

Latitude (°)
Figure 3.13 Nomogram to estimate the ILC PV thermal (and electrical) generation

The solar yield assessment tools are a critical first step to developing a robust methodology to determine
the lower cost renewable heat technology. By generalizing the simulation results for any plant site
worldwide, the methodology is highly useful for any project developer or installer to determine the
expected yield and cost of heat. The described comparison methodology between these two technologies
is detailed in the upcoming chapter.

3.5.2 Practical load cases
The performance of both ST and PV process heat plants under PLC conditions in typical industrial
settings is of greater interest. The results from this section are used to adapt the universal ILC generalized
regression results to accurately estimate ST and PV specific yields under specific industrial conditions.
One detailed PLC case is discussed in Section 3.5.2.1. Two correction factors are determined: one for
the PLC based on specific daily load, profile and collector type (Section 3.5.2.2), and the other for
vacation or temporary plant outages (Section 3.5.2.3). Additional correction factors for other cases are
found in Appendices 10.5 and 10.6.

3.5.2.1 PLC results
Annual ST and PV specific yields for one set of PLC simulations are shown in Figure 3.14. The
simulation case in Sydney is for an industrial process heat demand from 60..90 °C with a daytime daily
load profile for five days (ℓ5𝐷 ), comparing ETC and PV resistance process heat technologies. The X-axis
shows the various specific daily process loads (qload,day) and thermal storage capacities (qstorage) used in
the simulations along with the ILC, located on the far left. Moving right from the ILC is the high specific
daily process load case (15 kWh/kWp·d) with three storage sizes, from large to small. Further right are
the medium and low load cases with the same storage sizes. The left-hand Y-axis details two yield results
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for the ST (ETC) process heat plant, colored in red. The bar plot on the upper half showcases the annual
𝑆𝑇,𝑃𝐿𝐶
specific thermal yield (𝑞𝑠𝑜𝑙,𝑙𝑜𝑐𝑎𝑙
) in kWh/m2ap. The “local” subscript indicates TRNSYS simulated

results that are not calculated by the regression model. The bottom half indicates the relative (fraction)
yield reduction for each PLC as compared to the ILC. When unity is added to this, the PLC correction
factor (𝐹ℓ′ ) is calculated, shown in the parentheses. The right-hand Y-axis shows the same annual specific
𝑃𝑉,𝑃𝐿𝐶
thermal yield results for the PV resistance process heat plant ( 𝑞𝑠𝑜𝑙,𝑙𝑜𝑐𝑎𝑙
), only in different units

(kWh/kWp), detailed in blue. Please note that the scales for the annual specific yield bar graphs are
different (top graph), while the scales for the relative yield reduction (bottom) are the same.

Sydney, ETC, 60..90 °C,

ST

5
𝐷

(daytime load, 5 days)

PV

𝑆𝑇,𝑃𝐿𝐶
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(kWh/m2

𝑃𝑉,𝑃𝐿𝐶
𝑞𝑠𝑜𝑙,𝑙𝑜𝑐𝑎𝑙
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Figure 3.14 Example PLC simulation results highlighting the annual solar yield for an ST and PV process heat plant and their yield
reductions relative to the ILC case

For this specific case, when both ETC and PV process heat plants operate under an ILC with no thermal
storage, they are expected to generate approximately 840 kWh/m2ap and 1426 kWh/kWp, respectively.
Under PLC conditions with a thermal storage, energy yields expectedly decrease with both qload,day and
qstorage having an independent but significant influence. As the specific daily process load decreases
(15..10..5 kWh/kWp·d), so does the annual yield due to higher collector temperatures (ST) and thermal
losses from the thermal storage. The implementation of a larger storage generally increases annual
thermal yield by allowing a lower overall storage temperature and return temperature to the ST collector
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field, increasing ST plant efficiency. This is not always the case, as in some
technology/location/temperature simulations (not shown), a larger storage leads to higher thermal losses
and lower annual thermal yield as compared to a smaller storage. Greater thermal yields did occur at
times with a smaller specific daily process load and larger storage as compared to larger specific process
load cases with undersized storage. While this would be avoided in a real facility with a properly
dimensioned storage, the numerous simulations ensure that a properly sized tank was assessed for every
load case. For the subsequent analysis, only the storage size with the highest specific yield per specific
daily process load is used. This is often the case in any realized plant because storage tank size is
typically not the constraining aspect of solar process heat plant. Normally the collector area and by proxy
the specific daily process load is limited by available rooftop space or adjacent land [43], which leaves
it as the primary design point.
The relative reduction of energy yield (bottom half of Figure 3.14) follows the same trend as the specific
energy yield, though with one notable trend: the ST specific yield reduction is always greater than the
PV reduction as compared to the ILC. This trend is observed for nearly every simulation case due to
two main factors. The first is the implementation of the thermal storage that necessitates an additional
heat exchanger to accommodate the ST thermal fluid loop. Due to a typical 5 K difference across a plate
heat exchanger, the mean collector temperature increases in-turn, reducing overall collector efficiency
and annual yield. This is not the case for PV because the resistance heater still directly heats the process
and if storage is required, it is also directly heated. The second reason is due to the increased storage
tank temperature and when it becomes partially filled increases collector temperature and decreases its
efficiency. An increase in storage tank temperature does not negatively affect the PV resistance heating
element, as its efficiency is nearly temperature insensitive. For these two reasons, the ST process heat
plant is always more negatively affected in PLC than the PV plant.
The most important result from the PLC is the calculation of the relative thermal yield reduction. This
provides a way to determine a PLC correction factor (𝐹ℓ′ ) to adjust any ILC estimated yield through the
nomograms and generalized linear regression equations [Eq. (25) and (26)], shown in Eq. (27) and (28).
Graphs are constructed in the following section and in Appendix 10.5 to display 𝐹ℓ′ for all collectors,
process loads, temperatures, and available solar irradiation that allow the estimate of solar process heat
yield throughout the world by using only two graphs.

3.5.2.2 Determination of the PLC correction factor
The calculated yield reductions of the PLCs relative to their ILC counterpart are instrumental in
determining the correction factor (𝐹ℓ′ ). Two correction factor plots for an ST and PV process heat plant
are shown in Figure 3.15 and Figure 3.16, respectively. These correction factors are multiplied by the
𝑆𝑇,𝐼𝐿𝐶
𝑃𝑉
ILC generalized yield (𝑞𝑠𝑜𝑙,𝑔𝑒𝑛
or 𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
via nomograms) to obtain a more accurate solar thermal yield

estimate in a typical industrial setting. The X-axes of both graphs indicate the differential temperature
(Tdiff) between the simulated mean process and annual daytime ambient temperature. The Y-axis is the
PLC yield correction factor (𝐹ℓ′ ). Each plotted case (colored ball with vertical black dashed line) is a
summary of nine simulations at one site with one collector, three loads, and profile, essentially
summarizing the results from Figure 3.14. The colored ball represents the middle specific process load
(qload,day: 10 kWh/kWp·d), a typical sizing value to dimension a reasonably large plant that has high
annual yields but does not risk frequent stagnation in the summer. The dashed line below one colored
48

Chapter 3: Methodology: Solar Energetic Simulations

ball leads to the small specific process load case (qload,day: 5 kWh/kWp·d) and the line above leads to the
large case (qload,day: 15 kWh/kWp·d). Only the best storage size (based on highest annual yield) is selected
per specific process load case. The color is indicative of the site’s annual solar irradiation by using the
color bar on the right-hand side. Correction factor plots for all cases are in Appendix 10.5.

ETC :

H (kWh/m2a)

qload,day

15
10

5

Figure 3.15 Annual yield correction factor plot for an ETC process heat plant with a constant daily specific load for 7 days

PV :

H (kWh/m2a)
qload,day

15

10

5

Figure 3.16 Annual yield correction factor plot for a PV process heat plant with a constant daily specific load for 7 days

Two primary trends are observed, not only in these two graphs but also for all cases. First, the PLC
correction factor has a negative relationship with the differential temperature (Tdiff). This effect is
expected due to increased thermal losses and reduced ST collector efficiencies at higher temperatures.
The rate of Tdiff influence on the correction factor is less for PV than for ST, as seen and explained in
Section 3.5.2.1. For example, in Figure 3.15, at a Tdiff : 80 °C, 𝐹ℓ′ for the ST PLC is approximately 0.90
(for qload,day: 10 kWh/kWp·d), but 0.96 for PV (Figure 3.16). The second main trend is the relative
independence between 𝐹ℓ′ and annual solar irradiation. This is observed by the colored points in both
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figures, conforming to a rough line with no clear delineation based on annual irradiation. Similar trends
are shown for all five ST collectors with a daytime load profile for 5 days (ℓ5𝐷 ) in Figure 3.17, with the
exception of the PTC whose correction factor is nearly Tdiff independent.
This means that the correction factor between the ILC and PLC is dependent on two factors, the
differential temperature and specific daily process load (when using the correct collector and load profile
graph, Appendix 10.5). If a calculated specific daily process load for a potentially built solar process
heat plant falls between the 5, 10, and 15 kWh/kWp·d values simulated in this study, its position can be
respectively estimated between the plotted points. With these two parameters known for a project site
of interest, the graphs can be used to estimate the annual solar yield for nearly every site in the world,
leading to a robust methodology to compare renewable heat technologies.

qload,day
(kWh/kWp)

15
10
5

Figure 3.17 Correction factor plots for five ST collectors for a daytime load profile for 5 days
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3.5.2.3 Calculation of the vacation correction factor
The second correction factor estimates the reduced annual ST specific yield if an industrial site
undergoes a plant-wide shut down due to vacation or maintenance. This is not calculated for PV because
it is assumed that excess electricity generated during a vacation period can be exported to the grid or
used somewhere else in the industrial facility. Two vacation lengths are tested, one and four weeks,
evenly spaced out for twelve intervals during the year. The first part focuses on one city (Bologna, Italy:
Ht: 1201 kWh/m2a, Tamb,day: 16.8 °C) with three specific daily process loads (5, 10, 15 kWh/kWp·d), two
profiles (constant 7-days, daytime 5-days), two collectors and two respective mean process temperatures
(FPC [45,60], ETC [75, 90]), and three storage sizes (4, 10, 16 kWh/kWp). This is done to confirm that
the influence of these factors has a small relative impact on the overall yield loss so that a more
generalized factor can be calculated. The calculated vacation correction factor (𝐹𝑉′ ) for both the one (in
red) and four-week vacations (blue) is shown in Figure 3.18 as a function of Financial Week (FW) on
the X-axis. The black line indicates the average correction factor with error bars at one standard
deviation.

One Week

0

- 0.05
Yield
Reduction
Four Weeks

- 0.10

- 0.15

Figure 3.18 Correction factor for the impact of vacation on solar yield for Bologna, Italy for various cases

The results from the first assessment indicate that correction factors are certainly needed to adjust the
ST specific yield to account for the impact of vacation or plant outages. More correction is needed in
summer due to a greater loss of potential solar irradiance collection during that time of the year. The
standard deviations (in black brackets) from the average correction factor between the different
simulation runs are small for the week (<0.005) and four-week (<0.0115) cases. It is concluded that the
effect of vacation on yield reduction is nearly independent of process parameters and primarily
dependent on the temporal distribution of solar irradiance and ambient temperature.
A second assessment is conducted for the nine PLC locations to determine the difference in vacation
correction factor ( 𝐹𝑉′ ) based on meteorological conditions. Two collectors are simulated at their
respective mean process temperatures (FPC [45, 75] and ETC [60, 90]) for an intermediate specific daily
process load and storage size (qload,day: 10 kWh/kWp·d and qstorage:10 kWh/kWp) case during a constant
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7-day load profile (ℓ7𝐶 ). Results are highlighted for Dongola, Sydney, and Copenhagen in Figure 3.19,
with the remaining six locations in Appendix 10.6. The individual points represent one simulation run
of the respective city and time of vacation. The solid lines are a quadratic fit of the respective correction
factor data points to provide a smooth approximation as no weather year is identical to the TMY. The
results for Sydney are shifted by six months to align with those in the northern hemisphere. For
applications in the southern hemisphere, adjust the financial weeks accordingly.

Copenhagen

Sydney

Dongola

Figure 3.19 The effect of vacation for a one and four-week period in Copenhagen, Sydney, and Dongola

The correction factor (𝐹𝑉′ ) for a one-week vacation period is between 1.00 and 0.97. The four-week
vacation period is similar only having a larger range of correction factors. The largest correction is
needed if vacation occurred in the summer, which is expected due to the greater share of solar irradiation.
The correction factor trend over the year is noticeably different for the three regions. Dongola displays
a near-constant correction factor over the year while Copenhagen is the opposite, having a relatively
large correction factor in summer and nearly none in the winter. The correction factors for Sydney are
between the other two.
These trends are explained by the relationship of average ambient temperature and solar irradiation over
the year, with respect to a minimum critical irradiance threshold for ST to overcome thermal losses,
discussed in Section 4.3.3. In Copenhagen and other cold, winter irradiation poor regions, the available
solar irradiance is often too little to overcome ST collector thermal losses and no process heat can be
generated. Therefore, a vacation taken at this time does not affect annual yield. The fraction of annual
solar irradiation in summer in Copenhagen is greater than in Sydney and Dongola, thus explaining the
larger vacation correction factor during these months relative to the others. In Dongola, irradiation and
ambient temperature are near constant over the year, correlating to a similar correction factor trend. The
monthly solar irradiation and mean ambient temperature values for the three cities are shown in Figure
3.20, indicating the influence of irradiation and ambient temperature on the respective vacation
correction factor trends.
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Figure 3.20 Monthly averages of solar irradiation and ambient temperature for three cities

The effect of a vacation period for the PV process heat plant is not assessed as any excess electricity can
be utilized by other consumers on site (i.e. lights) or be exported to the grid due to its flexible nature. If
the PV generated electricity is constrained to the process heat plant and cannot be exported, the vacation
correction factor would be similar to one minus the fraction of solar irradiation during vacation divided
by the annual irradiation. This is true because PV heat generation is nearly ambient temperature and
irradiance independent and similarly affects vacation during all periods of the year.
Cumulative effects of multiple vacations and their respective correction factor cannot simply be
multiplied together because this will overestimate the yield. If just one vacation period is assessed, then
use the results in Figure 3.19 and Appendix 10.6. If not, then add together the required number of
vacation correction factors using Eq. (29) and apply to Eq. (27) and (28) to more accurately estimate the
solar yield at a given site.
𝑛

𝐹𝑉′ = 1 − 𝑛 + ∑ 𝐹𝑉′𝑛
1

(29)

3.6 Conclusions
The description of a detailed solar thermal and photovoltaic process heat simulation study has been
given to determine specific annual thermal yields of various collector technologies under numerous
boundary conditions and plant configurations. Two types of simulations have been conducted, one under
an infinite process load and the other having typical specific daily process loads and profiles often
observed in industry. Results of the infinite load cases were compiled and distilled into two multiple
linear regression equations (ST and PV, respectively). The equations can estimate an annual specific
yield, both in thermal and electrical terms, with high accuracy by using known local site meteorological
conditions and industrial process temperatures. Nomograms have been created to aid in a quick
assessment of the specific solar energetic yield. The practical load case solar yield results have been
compared to their infinite load counterparts and the relative yield reductions were noted. Correction
factors were calculated to provide a way to convert infinite load case results from the nomograms to
more accurately estimate solar specific yield in an industrial setting. The correction factors are collector,
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process load, and temperature specific. Their values are graphically displayed to quickly and accurately
determine solar specific yield under a wide range of climate and process conditions. Another set of
correction factors were calculated based on the scheduling of vacation or planned outages at a factory.
Together, the simulation results and their subsequent graphical representation under numerous different
conditions provide a comprehensive way to quickly determine potential ST and PV energetic yield,
helpful for project planners and installers to make decisions regarding the feasibility of solar process
heat plants.
The simulation results and yield assessment methodology are used consistently throughout the next three
chapters. A robust techno-economic comparison methodology is detailed using the calculated specific
ST and PV energetic yields in conjunction with the technology’s turn-key plant investment to determine
which renewable heat technology provides lower cost heat or carbon abatement. Three individual
methodologies are developed for three technology-pair comparisons. Chapter 4 presents a comparison
between ST and PV process heat plants. Chapter 5 introduces grid electricity powered heat pumps and
the methodology to assess their economic feasibility against ST. The last assessment in Chapter 6
combines the prior two, pitting ST against a PV powered heat pump to determine under various process
and meteorological conditions which technology might be the lower cost renewable heat choice of the
future.
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4 Solar Thermal and PV Resistance Heat Assessment
Results within this section have been published in part in Applied Energy, titled “Renewable process heat from
solar thermal and photovoltaics: The development and application of a universal methodology to determine the
more economical technology” by Meyers, et al. 2018 [58].

The application of solar energy is necessary to reduce fossil fuel use and carbon emissions from the
energy supply in industries requiring heat below 150 °C. A robust methodology is developed to compare
two solar conversion technologies (solar thermal and photovoltaics via resistance heating) to determine
which provides lower cost heat, highly flexible for various plant sizes, investments, currencies,
locations, and process temperatures. At current photovoltaic investment levels, solar thermal process
heat plants must be installed turn-key below 400 €/m2ap in northern European climates and 500 €/m2ap
in southern European climates to remain economically competitive. Photovoltaics are already the lower
cost process heat provider for many applications in northern latitudes above 100 °C. In future
photovoltaic investment scenarios, solar thermal must reduce investments below 250 €/m2ap to remain
competitive in Europe and 400 €/m2ap in higher solar irradiation regions. If opportunity costs are
considered, photovoltaics are better utilized to offset local electrical, not thermal, demand. Despite this
fact, future efforts must be given to solar thermal cost reduction in order to remain competitive against
all other renewable heat producers.

4.1 Introduction
Solar thermal process heat below 150 °C has received greater attention in recent years as a way of
reducing carbon emissions in industry. Detailed analyses [124,155,164] have been conducted and solar
process heat plants have been assessed for feasibility within a wide range of industries such as breweries
[24,45,46], dairies [42,131,165,166], and other food processors [44,167]. All of these studies assume
that solar thermal (ST) collectors are the preferred technology to convert solar irradiance to heat. None
consider photovoltaic (PV) resistance heating.
Photovoltaic prices are in a continual state of reduction [92,168] while the ST market, both in terms of
price and growth, is stagnant [133]. This means that the heat generation cost gap between PV resistance
and ST process heat is narrowing, especially at higher process temperatures. To date, minimal research
has been conducted on dedicated PV resistance process heat plants. As such, there is a dearth of research
comparing such plants and to determine which technology produces lower cost heat. The limited prior
research available on PV resistance heat is focused on domestic applications. Research findings [53–
55,169] indicate that when turn-key PV investments reduce below 2 €/Wp, it may become the lower cost
renewable heat option relative to ST. This investment threshold is already prevalent in a significant
number of markets [91,92,170,171]. Other research into the use of PV resistance heat is focused on selfconsumption [172–174] as a way to reduce the generated electricity exported to the grid. While this is
not a pure PV resistance process heat plant, it indicates that the technology combination does have
financial merit in some situations. Anecdotal evidence also supports this, as numerous heating
companies now offer standalone PV resistance heat plants for domestic hot water.
While PV resistance heat begins to penetrate the domestic market, the case for industrial process heat is
different. Industrial heat demand is significantly larger (MW scale) than its domestic counterpart,
requires higher temperatures, and is needed at different times during the day, week, and year
[9,42,68,166,175,176]. These three factors significantly affect both ST and PV plants’ economics and it

Economic comparison methodology

is unclear which technology is the lower cost choice. To date this comparison has barely been undertaken
and little peer-reviewed literature exists. Initial efforts to directly compare both technologies based on
energetic yields and economic performance indicators have been undertaken [57,59], resulting in unique
terms such as the Levelized Cost of Energy or Heat (LCOE or LCOH) Ratio and Cost Ratio. Similar
analysis has subsequently been pursued by Pérez-Aparicio et al. [177] using analogous capital cost
comparisons. One study by Sturm et al. [167] assesses the integration of both ST and PV resistance heat
for hot water and steam generation in a food processing facility in China. Results show that ST produces
lower cost hot water, but a combined cascade system of ST (pre-heating) and PV (boiling) produces
steam at a lower cost. No methodology was developed for wider applications.
To further develop a robust and universal comparative methodology to determine which solar
technology produces lower cost process heat, a rigorous parametric simulation-based study is conducted.
Section 4.2 describes the development of the economic comparison methodology for both ST and PV
process heat plants. Section 4.3 details the results and the use of multiple linear regression to establish
correlations required for the comparison methodology. Section 4.4 uses the developed methodology to
put forward case studies for three cities of varying annual solar irradiation and ambient temperature,
critical to understand how these results can be used for real project development. The final section
summarizes the results of the methodology development and makes recommendations towards required
investment targets for future ST process heat plants to remain economically competitive against PV
resistance heat.

4.2 Economic comparison methodology
An economic assessment is conducted to ultimately determine which technology provides lower cost
renewable heat under certain boundary conditions, based primarily on the solar energetic simulation
results in Section 3.5. The analysis also determines maximal investment thresholds for ST to remain the
lower cost heat provider. The two key calculated terms are the Levelized Cost of Heat (LCOH) and the
Investment Ratio (IR), of which the latter is displayed in nomogram type graphical tools for easy
assessment during energy audits or project planning.

4.2.1 Levelized cost of heat
The LCOH is a standard metric used to compare two or more technologies that determines which has
the lowest heat generation cost over a certain time period [178–180]. The Solar Heating and Cooling
Programme, part of the International Energy Agency, started Task 54 – Price Reductions of Solar
Thermal Systems. Within this organization, serious efforts are devoted to standardize a financial
assessment methodology for all industries, focusing on the LCOH [181] as a main metric for determining
the lower cost heat producer. Absolute LCOH values are important to determine if and when to build a
renewable process heat plant, but for a comparative assessment, relative investments are more insightful
and allow for flexibility in multiple investment conditions. For local contractors, it can be easier to
determine upfront specific turn-key ST and PV process heat plant investments (IST: in units of €, £, $/m2ap
and IPV in units of €, £, $/Wp) instead of the LCOH, which requires energetic yield estimates or
simulations. A methodology is presented which compares the feasibility of the solar process heat plants
based on their overall turn-key investment (inclusive of all capital costs excluding land use, minus
available subsidies, incentives, tax credits, etc.) using the LCOH as an intermediary.
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There is an important case when the LCOHST and LCOHPV are equivalent. At this point, the relative
plant investment of both technologies required to obtain the same solar process heat cost is determined.
For every parametric run using the ILC and PLC simulations from Section 3.5 to determine ST and PV
specific yields, both IST and IPV are iteratively determined using Eq. (30) with parameters from Table
4.1, noting the annual solar irradiation, process load temperature, and technology. One term (IPV) is held
constant (1 €/Wp), required for the iteration to converge, but has influence over the results.
𝑂𝑀

LCOHST =

𝑆𝑇
𝐼𝑆𝑇 + ∑𝑁
𝑛=1(1+𝐷𝑅) 𝑛
𝑆𝑇

𝑞𝑠𝑜𝑙 ·(1−𝑆𝐷)
∑𝑁
𝑛
𝑛=1
(1+𝐷𝑅)

𝑛

𝑂𝑀

=

𝑃𝑉
𝐼𝑃𝑉 + ∑𝑁
𝑛=1(1+𝐷𝑅)𝑛
𝑃𝑉

𝑞𝑠𝑜𝑙 ·(1−𝑆𝐷)
∑𝑁
𝑛
𝑛=1

𝑛

= LCOHPV

(30)

(1+𝐷𝑅)

Table 4.1 The input parameters to calculate the levelized cost of heat

Parameter
IST,PV
OMST,PV

Definition
Plant Investment
(/m2ap, /Wp)
Operation and Maintenance
(% of IST,PV)

DR

Discount Rate

SD

Degradation Rate

N

Years of Operation

ST Value

PV Value
Variable

2%
[126,131,135]

1%
[168]

6.40%
[131,178,182,183]
0.4%/a
[184]

0.5%/a
[185]
20
[156,183,186]

4.2.2 Investment Ratio
The iterated IST and IPV terms calculated from Eq. (30) are used to form the Investment Ratio (IR) for
both ILC and PLC simulations, in Eq. (31). This term is the plant specific turn-key ST investment in
m2ap divided by the plant specific turn-key PV investment in Wp. The IR for specific simulation cases
(ILC, PLC) are noted with a superscript (𝐼𝑅 𝐼𝐿𝐶 , 𝐼𝑅𝑃𝐿𝐶 ) and are calculated for every single comparative
simulation between ST and PV. If no superscript is noted for the IR, then it is assumed to be applicable
for both cases.
€,£,$⁄𝑚

𝐼𝑅 (

€,£,$⁄

) = 𝐼𝑆𝑇 ⁄𝐼𝑃𝑉

(31)

The IR is a powerful metric that is independent of currency and absolute cost. Its quantity is a ratio of
investments at heat cost equality for site dependent (local) meteorological, industrial process, and
economic conditions. A value higher or lower than this, when calculated for real solar process heat
plants, indicates which solar technology produces heat at a lower cost. It is also used to determine the
maximal ST investment (IST) to be competitive if the PV investment is known. The IR can be in terms
of either turn-key or collector field only investments, the latter if integration costs are considered
identical for the ST and PV process heat plants. Throughout this chapter, the turn-key cost is used, which
allows for flexibility when comparing the ST and PV plants that may have different integration costs or
subsidy schemes.
The IR has multiple subscripts defined for certain uses (local, market, general, land). The “local”
subscript is defined as the iterated value for one simulation set at one location, or its true value. A
“market” subscript indicates the calculated ratio when real (planned to be built) solar plant investments
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(IST,market, IPV,market) at a project site are known. The “land” subscript indicates that land acquisition costs
for a solar thermal plant are included. Finally, “general” or “gen” is the abbreviation for a regression
derived term used to estimate the IR for any given solar irradiation and temperature input (Section 4.3.2)
for the ILC. The “local” and “gen” subscript can be used interchangeably, as “gen” is calculated to be a
very accurate approximation of “local.”
The IRlocal is used when location specific inputs are known (H, Tdiff), calculated from the simulation study
in Chapter 3. The IRlocal is compared to the market price calculated IR (IRmarket = IST,market / IPV,market),
which is determined by a project installer who is best aware of current ST and PV costs, incentives,
taxes, etc. If the IRmarket is less than the IRlocal derived by simulation, ST is the lower cost process heat
technology. And thus, if IRmarket is greater than the IRlocal, PV is selected (Eq. (32)). The same is true
when comparing the IST, if IPV is known for a location and multiplied by IRmarket.
𝑆𝑇 𝑐ℎ 𝑠𝑒𝑛, 𝐼𝑅𝑚𝑎𝑟𝑘𝑒𝑡 < 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
{
𝑃𝑉 𝑐ℎ 𝑠𝑒𝑛, 𝐼𝑅𝑚𝑎𝑟𝑘𝑒𝑡 > 𝐼𝑅𝑙𝑜𝑐𝑎𝑙

𝐼𝑆𝑇,𝑚𝑎𝑟𝑘𝑒𝑡 < 𝐼𝑆𝑇,𝑙𝑜𝑐𝑎𝑙
𝐼𝑆𝑇,𝑚𝑎𝑟𝑘𝑒𝑡 > 𝐼𝑆𝑇,𝑙𝑜𝑐𝑎𝑙

(32)

4.2.3 Sensitivity analysis
The IR calculation is a function of the multiple financial parameters in Table 4.1, subject to differences
in various geographical and economic regions. A tornado chart in Figure 4.1 illuminates the change in
IRlocal when the LCOH parameters are varied from a base case in a moderately sunny region with the
𝑆𝑇
𝑃𝑉
following parameters (𝑞𝑠𝑜𝑙
: 733 kWh/m2ap, 𝑞𝑠𝑜𝑙
: 1426 kWh/kWp, IST: 590 €/m2ap, IPV: 1.25 €/Wp). The
most sensitive parameter is the ST Operation and Maintenance (OMST), which changes the IRlocal nearly
± 10% if varied by ± 50%. The OMPV is the second most sensitive, changing IRlocal by ± 5%. The
variation of other LCOH parameters (SD, N, and DR) has a small effect of less than ± 2%. If local OM
costs are significantly different from those used in this analysis, the IRlocal should be recalculated.

OMST

3%

1%

OMPV

0.5 %

1.5 %

SDPV

0.25 %

0.75 %

SDST

0.6 %

0.2 %

N (years)

25

15

DR

4%

8%

-10% -8%

-6%

-4%

-2% 0% 2%
Change in IRlocal

4%

6%

Figure 4.1 A tornado chart depicting a sensitivity analysis of IRlocal
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4.2.4 Influence of land acquisition costs
Land purchase or acquisition is not considered for the initial IRlocal analysis. Often in industry, the only
available space for an ST plant is on the roof and its associated installation costs are included in the turnkey IST or IPV. The inclusion of land acquisition compensates for the fact that PV requires significantly
more land for the same sized plant in kWp because the ST “power per area” efficiency is higher than for
′
′
PV (𝐹𝑃𝐴
> ηPV). If land is required to be rented or purchased, a correction factor (𝐹𝑙𝑎𝑛𝑑
) is calculated by
including the specific land cost in the plant investment. This factor is multiplied by any IR (local, market,
general) to compensate for the land acquisition requirement. The specific land cost can be calculated
for rented land by summing the discounted specific rent throughout the rental period.
An updated Investment Ratio (IRlocal,land) is calculated in Eq. (31) using the same iteration methodology
as for IRlocal, solving for IST when the two following terms (IST,land and IPV,land, Eqs. (33) and (34),
respectively) are included in the numerator of their fitting LCOH equation (Eq. (30)). In Eq. (34), the
PV efficiency (ηPV) is in units of Wp/m2g instead of the typical kWp/m2g, to match the units of IPV. Specific
land costs (Cland in units of €/m2land) are included until 120 €/m2land. The Ground Coverage Ratio (GCR,
in units of total collector area, m2g, divided by land area, m2land) is calculated in Eq. (35) for each case
with a known collector tilt angle (β) and annual minimum solar elevation angle (α) at solar noon during
the winter solstice to avoid shading (Figure 4.2). The aperture to gross area ratio (Rap,g) is provided in
′
Table 3.4. The land correction factor (𝐹𝑙𝑎𝑛𝑑
) calculation is detailed in Eq. (36).

2
𝐼𝑆𝑇,𝑙𝑎𝑛𝑑 (€⁄𝑚𝑎𝑝
) = 𝐶𝑙𝑎𝑛𝑑 ⁄(𝐺𝐶𝑅 · 𝑅𝑎𝑝,𝑔 )

(33)

𝐼𝑃𝑉,𝑙𝑎𝑛𝑑 (€⁄𝑊𝑝 ) = 𝐶𝑙𝑎𝑛𝑑 ⁄(𝐺𝐶𝑅 · 𝜂𝑃𝑉 )

(34)

2
2
⁄𝑚𝑙𝑎𝑛𝑑
𝐺𝐶𝑅 (𝑚𝑔𝑟𝑜𝑠𝑠
) = (𝑐 𝑠 𝛽 + 𝑠𝑖𝑛 𝛽 ⁄𝑡𝑎𝑛 𝛼 )−1

(35)

′
𝐹𝑙𝑎𝑛𝑑
= 𝐼𝑅𝑙𝑜𝑐𝑎𝑙,𝑙𝑎𝑛𝑑 ⁄𝐼𝑅𝑙𝑜𝑐𝑎𝑙

(36)

l
h

α

a

β

b

d
Figure 4.2 The required row spacing to avoid shading, required to calculate the land use of ST and PV process heat plants
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4.3 Results
The calculation of the Investment Ratio (IR) is the most important aspect of the economic comparison
methodology and is instrumental to determine the lower cost solar process heat technology. In Section
4.3.1, the IR results for three ILC cities are presented. A regression assessment to generalize the ILC IR
based on key meteorological inputs is shown in Section 4.3.2 with a discussion in Section 4.3.3. The
effect on the IR in PLC and land use consideration is detailed in Section 4.3.4 and 4.3.5 along with
calculated correction factors.

4.3.1 ILC Investment Ratio results
𝐼𝐿𝐶
A sample of calculated local ILC Investment Ratios (𝐼𝑅𝑙𝑜𝑐𝑎𝑙
) from Eq. (31), for three example cities is
shown in Figure 4.3. Results are displayed on the Y-axis from 200..1000 ([€/m2ap]/[€/Wp]). The mean
process temperature (TP,m) in Celsius for the simulation cases is shown on the X-axis. The results for
Dongola (high solar irradiation and ambient temperature) are in black, Sydney (medium solar irradiation
and ambient temperature) are in grey, and Copenhagen (low solar irradiation and ambient temperature)
are in blue. Three different collectors are displayed, indicated by a continuous (FPC), dashed (ETC),
and dotted (PTC) line.

2 2)/(€/W )
(€/m
(W
ap ap)
P
p/m

FPC

ETC

PTC

Dongola

Sydney
Copenhagen

TP,m (°C)
Figure 4.3 Investment Ratios for the ILC comparing ST and PV for process heat generation
𝐼𝐿𝐶
The calculated 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
is negatively correlated to process temperature (TP,m), shown by negatively
sloped lines for every city and collector combination. This trend is explained by the fact that ST
collectors have reduced efficiency as their operational temperature increases while PV efficiency
𝐼𝐿𝐶
𝐼𝐿𝐶
remains nearly flat, making PV more economically competitive (lower 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
). The 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
is
positively correlated to ambient temperature and annual solar irradiation, indicated by the higher values
𝐼𝐿𝐶
in Sydney and Dongola relative to Copenhagen. The slope of each 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
line is dependent on the
collector type, steepest for the FPC. This is a function of the collector’s respective heat loss parameters,
𝐼𝐿𝐶
as the FPC has the largest heat loss coefficients and the PTC the lowest (Table 3.3). In summary, 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
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is expected to range between 200 and 1000 ([€/m2ap]/[€/Wp]), highly dependent on solar irradiation,
𝐼𝐿𝐶
process and ambient temperature, and collector technology. To make the 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
results universal and
flexible for various conditions, a multiple linear regression assessment is undertaken.

4.3.2 Calculation of a generalized Investment Ratio
A more general assessment is conducted to provide an analysis tool for use in real world applications.
The 800+ locations of the ILC and their respective specific solar yield results from Chapter 3 are used
in a multiple linear regression analysis. The simulation results determine a relationship between the local
𝐼𝐿𝐶
Investment Ratio (𝐼𝑅𝑙𝑜𝑐𝑎𝑙
, in units of [€, £, $/m2ap]/[€, £, $/Wp]) and the key parameters of annual mean
daytime ambient temperature (Tamb,day), mean process temperature (TP,m) and annual available solar
irradiation (H for non-tracking collectors, Hbn for concentrating collectors), in Figure 4.4.

Simulation Input
Location
(H, Tamb,day)
Process
(Tp,m)
Collector
(FPC)

Simulation Output

LCOH

Specific Yield

Heat Cost

𝑆𝑇,𝐼𝐿𝐶
𝑞𝑠𝑜𝑙,𝑙𝑜𝑐𝑎𝑙

LCOHST

𝑃𝑉,𝐼𝐿𝐶
𝑞𝑠𝑜𝑙,𝑙𝑜𝑐𝑎𝑙

LCOHPV

Investment Ratio

𝐼𝐿𝐶
𝐼𝑅𝑔𝑒𝑛

Figure 4.4 Flowchart showing the process from ILC simulation to IR calculation

These three parameters are chosen as they primarily influence the solar technology’s ability to generate
thermal energy, seen in their respective efficiency equations. To reduce the number of independent
variables and allow for better data visualization, Tdiff is used, which is the difference between TP,m and
Tamb,day. A square root of Tdiff is used instead of Tdiff to reduce model error. This is manually determined.
𝐼𝐿𝐶
The multiple linear regression model, which calculates a “generalized” IR (𝐼𝑅𝑔𝑒𝑛
) is shown in Eq. (37)
and Eq. (38) for non-concentrating and concentrating collectors, respectively, selected to produce low
error with minimal residual structure.

𝐼𝐿𝐶
𝐼𝑅𝑔𝑒𝑛
(

2
€, £, $⁄𝑚𝑎𝑝
) = 𝜃0 + 𝜃1 ∙ 𝐻 + 𝜃2 ∙ √𝑇𝑑𝑖𝑓𝑓 + 𝜃3 ∙ 𝐻 ∙ 𝑇𝑑𝑖𝑓𝑓
€, £, $⁄𝑊𝑝

(37)

𝐼𝐿𝐶
𝐼𝑅𝑔𝑒𝑛
(

2
€, £, $⁄𝑚𝑎𝑝
) = 𝜃0 + 𝜃1 ∙ 𝐻𝑏𝑛 + 𝜃2 ∙ √𝑇𝑑𝑖𝑓𝑓
€, £, $⁄𝑊𝑝

(38)

Results of the regression analysis are shown in Table 4.2, highlighting the model coefficients and
important statistical parameters. Seventy percent of the simulations are used for the training set with the
remainder for testing to ensure that the model is not over or under fit. Similar root-mean-square errors
(RMSEs), both in absolute value and normalized (in parentheses), show that this did not occur. The
resulting parameter p-values are all less than 0.001, proving their significance.
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Table 4.2 The key results of the regression analysis to determine the correlation between 𝑰𝑹𝑰𝑳𝑪
𝒍𝒐𝒄𝒂𝒍 , H, TP,m, and Tamb,day

θ0
θ1
θ2
θ3
R2adj
Training RMSE
Testing RMSE

FPC
1222
0.0885
-131
5.33e-4
0.984
14.6 (3.4%)
14.8 (3.4%)

FDG
1222
0.0539
-118
1.02e-3
0.985
13.4 (2.71%)
13.3 (2.72%)

ETC
1130
0.0458
-100
1.04e-3
0.984
12.4 (2.50%)
12.4 (2.56%)

CPC
1003
0.0560
-78.7
6.40e-4
0.981
11.3 (2.40%)
11.3 (2.45%)

PTC
420
0.200
-28.5
--0.947
24.1 (5.71%)
24.3 (5.85%)

The regression analyses from Eqs. (37) and (38) and their resulting parameters in Table 4.2 are plotted
𝐼𝐿𝐶
in Figure 4.5 as contour maps. The color coded graphical representations of 𝐼𝑅𝑔𝑒𝑛
(the contour lines)
are displayed for each ST collector within a span of H and Tdiff. The graphical results are used as a quick
guide to determine which solar technology can provide lower cost process heat. To use these graphs
(respective of the collector type), one must know four attributes: H, Tamb,day, TP,m, and IPV,market in a desired
location. Next, calculate Tdiff :(TP,m - Tamb,day) and find its intercept on the fitting collector graph with H
𝐼𝐿𝐶
𝐼𝐿𝐶
(or Hbn). The intersection point and color are the Investment Ratio (𝐼𝑅𝑔𝑒𝑛
). By substituting IR for 𝐼𝑅𝑔𝑒𝑛
𝐼𝐿𝐶
in Eq. (31), multiply 𝐼𝑅𝑔𝑒𝑛
by IPV,market to determine the maximal IST investment, in Eq. (39).

𝐼𝐿𝐶
𝐼𝑆𝑇,𝑔𝑒𝑛 = 𝐼𝑅𝑔𝑒𝑛
· 𝐼𝑃𝑉,𝑚𝑎𝑟𝑘𝑒𝑡

(39)

Once a generalized ST specific investment (IST,gen) is calculated, it is compared to the market investment
of a turn-key installed ST process heat plant. If IST,market is less that IST,gen, ST is the lower cost renewable
heat technology, shown in Eq. (40), and if above, PV is.
𝑆𝑇 𝑐ℎ 𝑠𝑒𝑛, 𝐼𝑆𝑇,𝑚𝑎𝑟𝑘𝑒𝑡 < 𝐼𝑆𝑇,𝑔𝑒𝑛
{
𝑃𝑉 𝑐ℎ 𝑠𝑒𝑛, 𝐼𝑆𝑇,𝑚𝑎𝑟𝑘𝑒𝑡 > 𝐼𝑆𝑇,𝑔𝑒𝑛

(40)

This calculation can also be conducted with a known IST,market to determine the maximal IPV investment,
by rearranging Eq. (31). A step-by-step example of how to easily carry-out the comparison methodology
is shown below to clarify the procedure.
Example:
Given- H: 1500 kWh/m2a, Tamb,day: 15 °C, TP,m: 75°C, and IPV,market: 1.2 €/Wp
Find the IST,gen for an ETC process heat plant, with help from Figure 4.5c.
1) Tdiff = 75 °C – 15 °C = 60 °C
𝐼𝐿𝐶
2) Find intersection of Tdiff and H in Figure 4.5c to determine 𝐼𝑅𝑔𝑒𝑛
𝐼𝐿𝐶
3) 𝐼𝑅𝑔𝑒𝑛
= 517 (Wp/m2ap)
𝐼𝐿𝐶
4) IST,gen = 𝐼𝑅𝑔𝑒𝑛
·IPV,market = 517 (Wp/m2ap) · 1.2 (€/Wp) = 620 €/m2ap

At these conditions, if IST,market < IST,gen (620 €/m2ap), ST produces lower cost heat than a PV process heat
plant.
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Figure 4.5 A collection of graphs for each type of solar collector to determine 𝑰𝑹𝑰𝑳𝑪
𝒈𝒆𝒏 as a function of H, TP,m, and Tamb,day
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4.3.3 Critical irradiance assessment
Drawing from the results in Figure 4.5, the competitiveness of ST decreases (smaller IR) as available
solar irradiation decreases and the differential temperature (Tdiff) increases. The latter is primarily
explained by the thermal loss parameters in the ST efficiency equation. To explain the former, while
both ST and PV collector surfaces receive the same annual solar irradiation (excluding the PTC case,
due to tracking), PV converts relatively more energy in lower irradiation climates at a set Tdiff (i.e. lower
IR). This is due to a higher “Critical Irradiance” value (Gcrit in W/m2). This term is defined as the required
surface irradiance incident on an ST collector to achieve equal irradiance-to-thermal conversion as a PV
collector at a given TP,return. An example of the collectors’ efficiencies as a function of irradiance (G in
W/m2) is shown in Figure 4.6, with a Tamb:10 °C and TP,return: 60 °C. Gcrit is determined at the circled
intersection point between the PV and the respective ST collector. This is the point when the solar
irradiance can “overcome” the thermal losses of an ST collector and allow ST to generate more thermal
energy than PV. This means that whenever the solar irradiance is below the Gcrit value (circled
intersection), PV generates more thermal energy than ST. It is noted that while a PTC is almost always
more efficient than PV when beam irradiance is present (Gb), there are many instances when Gb is zero
due to cloud cover. During these times, PV can still generate energy from diffuse irradiance, while PTC
cannot. This is observed in more northern latitude and jungle locations, where the IR of the PTC is
significantly lower than other cases.

Tamb: 10 °C
TP,return: 60 °C

Figure 4.6 An efficiency plot of the ST and PV collectors as a function of solar irradiance with a Tamb:10 °C and TP,return:60 °C,
required to determine Gcrit

Gcrit is calculated for various Tamb and TP,return values by setting the respective ST and PV efficiency
equations equal to each other and solving. The calculated Gcrit is shown in Figure 4.7, which indicates
higher Gcrit values for higher process temperatures and lower ambient temperatures (5 °C straight line,
25 °C dashed).
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Gcrit (W/m2)

Tamb:

5 °C
25 °C

TP,return (°C)

Figure 4.7 The determination of Gcrit as a function of TP,return (X-axis) and Tamb (5 °C solid, 25 °C dashed lines) for the four nonconcentrating collectors (colored lines)

This analysis shows that PV has a distinct advantage over ST in regions that require higher process
temperatures and have lower ambient temperatures. This is confirmed in the IR graphs in Figure 4.5.
Simply, a larger Gcrit threshold allows PV to more frequently produce greater quantities of process heat
throughout the year. To determine which locations have more energy available for PV but not for ST at
certain Gcrit levels and thus where PV has a greater advantage, a relationship is determined between the
annual solar irradiation on the collector surface (Ht) and the fraction of annual irradiance below Gcrit (at
three different values). This indicates the percent of annual Ht that PV can use to generate more heat
than ST. Using the same TRNSYS weather files and setting Gcrit to 100, 200, and 300 W/m2, the fraction
of annual solar irradiation below this value is calculated, in Figure 4.8. A clear trend is shown, indicating
a negative correlation between the percentage of energy below Gcrit and Ht. This proves that PV process
heat plants can generate relatively more thermal energy than an ST process heat plant as the annual
irradiation decreases and explains its better performance (lower IR) in locations with lower annual
irradiation.

65

Results

Energy (%) below
Gcrit threshold
Gcrit
Gcrit
Gcrit

Beneficial
For PV

Ht (kWh/m2a)
Figure 4.8 The influence between the annual solar irradiation and the percent of non-useable energy for ST in three Gcrit cases

4.3.4 Investment Ratio correction factor
𝑃𝐿𝐶
𝐼𝐿𝐶
A reduction of 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
values is observed when comparing the matching 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
(same location,
𝑃𝐿𝐶
𝐼𝐿𝐶
′
collector, process temperature). The PLC correction factor is defined as 𝐹𝑃𝐿𝐶
= 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
/ 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
(Figure
𝐼𝐿𝐶
4.9) and quantifies the range of 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
reductions under various cases. This correction factor is required
𝐼𝐿𝐶
𝑃𝐿𝐶
when utilizing Figure 4.5 (graphical calculation of 𝐼𝑅𝑔𝑒𝑛
) to more accurately estimate 𝐼𝑅𝑔𝑒𝑛
under

typical process load conditions found in industry (excluding vacation facility outages as reduced yields
between ST and PV are considered similar though not identical). When implementing the
𝐼𝐿𝐶
𝐼𝑅𝑔𝑒𝑛
calculation regression methodology in Section 4.3.2 for PLCs to calculate IST,gen, an additional
intermediary step is required, in Eq. (41), found between 3 and 4 of the example case. The correction
𝐼𝐿𝐶
𝑃𝐿𝐶
factor updates the 𝐼𝑅𝑔𝑒𝑛
to account for PLC yield reductions, enabling 𝐼𝑅𝑔𝑒𝑛
for the final calculation of
IST,gen. This is a critical step for all real-world applications of the methodology to determine the lower
cost solar process heat technology.

𝑃𝐿𝐶
𝐼𝑅𝑔𝑒𝑛
(

2
€, £, $⁄𝑚𝑎𝑝
′
𝐼𝐿𝐶
) = 𝐹𝑃𝐿𝐶
· 𝐼𝑅𝑔𝑒𝑛
€, £, $⁄𝑊𝑝

(41)

′
In Figure 4.9, the 𝐹𝑃𝐿𝐶
for two process load profiles (ℓ7𝐶 and ℓ5𝐷 ), three specific loads, and five collectors
are displayed for the respective middle simulated process temperature (Table 3.4) in the nine PLC
locations. It is recognized that vacation periods will reduce the solar specific ST and PV yields, but the
relative difference is rather small and thus not influential or included in the calculations of the correction
′
′
factor (𝐹𝑃𝐿𝐶
). The nine individual locations are not shown. Instead, the average 𝐹𝑃𝐿𝐶
is indicated with
the blue square and the minimum and maximum with red triangles. The best storage size of the three
𝑃𝑉,𝑆𝑇
simulations per profile/load/collector permutation (i.e. greatest 𝑞𝑠𝑜𝑙
) is selected for the figure, though
′
its value is not detailed. A typical PLC correction factor (𝐹𝑃𝐿𝐶
) for well-designed plants is approximately
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0.90..0.95 for both process profiles at higher daily specific process loads [10..15 kWh/(kWp·d)] and
0.80..0.90 for smaller [5 kWh/(kWp·d)] daily specific process loads. The larger daily specific process
′
load simulations have larger 𝐹𝑃𝐿𝐶
values that more closely mimicked the ILCs and thus less correction
is needed.
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Figure 4.9 The average (blue square) and the range (red triangles) of the IR reductions and PLCs (𝑭′𝑷𝑳𝑪 ) of the 9 simulated cities for
both profiles, three load sizes at their respective middle simulated temperature, and for five different ST collectors
𝐼𝐿𝐶
′
The reduction of the 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
(𝐹𝑃𝐿𝐶
< 1) from the ideal case (Figure 4.9) is namely due to a greater
𝑆𝑇
𝑃𝑉
reduction in ST specific yield (𝑞𝑠𝑜𝑙
) relative to the PV specific yield (𝑞𝑠𝑜𝑙
). This effect is shown in
Figure 3.14 and is explained in Section 3.5.2.1. The correction factor is driven by the IRlocal calculation
𝑆𝑇
and is linked to the collector’s performance through the LCOH. When the 𝑞𝑠𝑜𝑙
reduces under PLC
𝑃𝑉
conditions (more than 𝑞𝑠𝑜𝑙
does), IST follows suit to maintain LCOH equality between ST and PV. As
𝑃𝐿𝐶
IST is in the numerator of Eq. (31) and becomes smaller, so does the newly calculated 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
, inducing
′
a less than one correction factor (𝐹𝑃𝐿𝐶 , Eq. (41)).

4.3.5 Effect of land acquisition costs
The results from Eq. (36), by way of Eq. (30), (31), (33), (34) and (35) are presented in Figure 4.10,
′
representing a correction factor (𝐹𝑙𝑎𝑛𝑑
) that when multiplied by an IR, adjusts it accordingly to account
for the cost of land acquisition. The X-axis represents typical specific land costs and the Y-axis the
resulting correction factor. To use Figure 4.10, first identify the site’s approximate latitude and
respective shaded section. Then apply a known specific land cost (Cland) on the certain latitude that
′
results in a range of land correction factors (𝐹𝑙𝑎𝑛𝑑
) within that shaded section or sliver for all nonconcentrating collectors between their simulated PLC temperature ranges (Table 3.4). The figure is
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slightly generalized to enhance readability but does not significantly change the results. Lower process
temperatures are found on the upper edge of the respective latitude’s shaded section with increasing
temperatures moving towards the shaded region’s lower edge. As an example, Cland is 75 €/m2land for a
process heat plant located at 55° latitude (e.g. Copenhagen), indicated by the white highlighted box in
Figure 4.10. If the plant is designed for a medium temperature process for any non-concentrating
′
collector based on Table 3.4, the 𝐹𝑙𝑎𝑛𝑑
is approximately 1.75, indicated by the white star. This means
that an ST process heat plant can be 1.75 times more expensive and still be competitive against PV at
higher latitudes if land costs (at 75 €/m2land) are considered.
′
The relationship between 𝐹𝑙𝑎𝑛𝑑
and latitude for the PTC is opposite of the non-concentrating collectors,
decreasing as the latitude increases. This is caused by the PTC’s inability to be tilted towards the equator
(PTC’s axis is north-south), causing increased cosine losses in latitudes further north or south. PV and
non-concentrating collectors can progressively tilt to minimize this loss. Therefore, as latitude increases,
a PTC has relatively less available irradiation, requiring a larger solar field and land to generate the same
′
power. This effect demonstrates why 𝐹𝑙𝑎𝑛𝑑
deceases as latitude increases when comparing PTC and PV,
making PV relatively more competitive at higher latitudes. To improve PTC performance at higher
latitudes, the collectors can be installed with an east-west axis to potentially minimize this issue but is
′
not investigated. The 𝐹𝑙𝑎𝑛𝑑
relationship for the PTC is displayed in Figure 4.10 by the white dashed line
′
triangle. There are minimal differences in 𝐹𝑙𝑎𝑛𝑑
as a function of various process temperatures due the
PTC’s near negligible thermal losses and are excluded from the figure.
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Figure 4.10 The IR land correction factor (𝑭′𝒍𝒂𝒏𝒅 ) as a function of land cost, site latitude and mean process load temperature (TP,m)
for all non-concentrating collectors, respective of their three simulated PLC temperatures. 𝑭′𝒍𝒂𝒏𝒅 for the PTC is displayed as the
white dashed line triangle.

The correction factor for including land costs illuminates a few main points for non-concentrating
collectors. The first shows that PV process heat plants become relatively more expensive when land
acquisition is required given their larger land requirements stemming from a lower overall plant thermal
′
efficiency. This effect (larger 𝐹𝑙𝑎𝑛𝑑
) is magnified in higher latitudes, where collectors must be spaced
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′
out at greater distances to avoid shading. 𝐹𝑙𝑎𝑛𝑑
decreases due to higher process temperatures (at a fixed
latitude) because of diminishing ST collector efficiency, thus requiring more collector surface area to
obtain the same thermal output and necessitating greater land use.

4.4 Case studies
Two case studies are examined to demonstrate the current and future competitive state of solar industrial
process heat, which is important for its realization in real world applications. Section 4.4.1 investigates
at three distinct regions that range from low to high solar irradiation and ambient temperature, indicating
where ST may be better suited. Section 4.4.2 looks into the future and illustrates under reducing PV
investments, what cost targets must ST achieve to be competitive.

4.4.1 Regional analysis
Copenhagen, Sydney, and Dongola are further analyzed to highlight their minimum and maximum
𝑃𝐿𝐶
𝐼𝑅𝑙𝑜𝑐𝑎𝑙
with the optimal storage size selected for each case. Figure 4.11 (a-c) displays the range of
𝑃𝐿𝐶
𝐼𝑅𝑙𝑜𝑐𝑎𝑙
(Y-axis) for the three cities, as a function of TP,m (X-axis) and collector type as indicated by the
colored boxes (FPC [red], FDG [purple], ETC [green], CPC [yellow], and PTC [blue]). The lower edge
𝑃𝐿𝐶
of the colored box represents the worst 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
scenario for ST (ℓ5𝐷 , qload,day: 5 kWh/kWp·d), while the
𝑃𝐿𝐶
upper edge represents the best 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
(ℓ7𝐶 , qload,day: 15 kWh/kWp·d). Any known IRmarket case located
below the boxes, respective of collector type, indicates lower cost ST process heat relative to PV. The
colored space inside the boxes indicates where both process heat plants may be less expensive, highly
dependent on the process profile and daily specific process load. An IRmarket above the boxes indicates
where PV resistance process heat is less expensive.

For example, in Sydney, if a CPC process heat plant (Figure 4.11 b) is used in a 75 °C TP,m process, the
𝑃𝐿𝐶
𝐼𝑅𝑙𝑜𝑐𝑎𝑙
is between 480..530 Wp/m2ap. Given an IPV,market of 1.2 €/Wp and IST,market of 500 €/m2ap, IRmarket is
𝑃𝐿𝐶
417 Wp/m2ap (Eq. (31)). As IRmarket < 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
(Eq. (32)), ST is the less expensive solar process heat
technology. This is also indicated in Figure 4.11 (b), where the IRmarket point is located under the CPC
plotted box.
𝑃𝐿𝐶
The 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
has a negative relationship with TP,m but increases in regions of higher solar irradiation and
ambient temperature. ST has the best chance of continued success in higher irradiation and ambient
𝑃𝐿𝐶
temperature locations like Dongola where the 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
is very high. In colder and lower irradiation
climates similar to Copenhagen, ST is best suited for lower temperature applications. A tabular summary
𝑃𝐿𝐶
of the 𝐼𝑅𝑙𝑜𝑐𝑎𝑙
results is shown in Table 4.3 and includes two other cities.
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𝑃𝐿𝐶
𝐼𝑅𝑙𝑜𝑐𝑎𝑙
(€/m2ap)/(€/Wp)

Copenhagen

ETC
ETC
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FPC

CPC

FPC
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FDG

PTC

FDG
TP,m (°C)

(a)
𝑃𝐿𝐶
𝐼𝑅𝑙𝑜𝑐𝑎𝑙
(€/m2ap)/(€/Wp)

Sydney
𝐼𝑅𝑚𝑎𝑟𝑘𝑒𝑡 > 𝐼𝑅𝑙𝑜𝑐𝑎𝑙

PV 

ETC
CPC
FPC

𝐼𝑅𝑚𝑎𝑟𝑘𝑒𝑡 < 𝐼𝑅𝑙𝑜𝑐𝑎𝑙

ST 

PTC
FDG

𝐼𝑅𝑚𝑎𝑟𝑘𝑒𝑡
TP,m (°C)
(b)

𝑃𝐿𝐶
𝐼𝑅𝑙𝑜𝑐𝑎𝑙
(€/m2ap)/(€/Wp)

Dongola

ETC
FPC
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FDG

CPC

TP,m (°C)
(c)
Figure 4.11 The range of potential 𝑰𝑹𝑷𝑳𝑪
𝒍𝒐𝒄𝒂𝒍 for three locations for well-designed solar process heat plants of various (PLC) process
profiles and specific loads
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Table 4.3 The range of 𝑰𝑹𝑷𝑳𝑪
𝒍𝒐𝒄𝒂𝒍values for selected cities, collectors, and process temperatures

City
Solar Resource
Tamb
Collector TP,m
45
FPC
75
60
FDG
90
60
ETC
90
75
CPC
105
90
PTC
125

Dongola, SD
High
High
672..825
529..596
627..744
523..558
617..742
547..631
537..642
463..564
602..756
585..719

Sydney, AU
Mid
Mid
594..667
361..390
537..602
368..408
542..614
416..465
484..534
369..421
382..457
366..403

Copenhagen, DK
Low
Low
𝑰𝑹𝑷𝑳𝑪
𝒍𝒐𝒄𝒂𝒍 (Min..Max)
468..513
238..259
433..468
266..282
462..497
324..341
405..432
292..319
291..326
252..275

Kuching, MY
Low
High

Eagle, US
High
Low

639..765
381..435
584..672
392..440
580..668
441..489
515..575
398..451
329..369
287..319

560..608
348..367
520..565
375..393
540..589
427..456
482..519
370..419
477..592
463..544

4.4.2 Future outlook
A forward-looking case study is shown for the current and potential future investments of both
technologies. The current IPV for PV electricity generating plants is well documented and ranges turnkey from 1 €/Wp for large (> 1 MW) ground mounted plants in Europe [91,170] to 1.5 €/Wp in the United
States for commercial (0.01..2 MW) rooftop plants [92]. These PV investments exclude land acquisition
costs and process heat integration, the latter which is typically included for turn-key ST process heat
plants. If process heat integration costs are included for IPV, it is assumed to be a similar fraction of the
turn-key IST investment (same peak output), which is 33% for smaller plants, and 25% for larger [187],
in Table 4.4. For example, if a larger PV plant (electricity only) can be built for 1 €/W p, the expected
process integration cost is 0.25 €/Wp. This is plausible because electrical heating elements cost between
0.05 and 0.125 €/Wp for MW and kW scale plants (Parat, Glood GmbH [188,189]) respectively. This
results in a turn-key IPV for resistance process heat generation of 1.25 €/Wp. This holds true if the
hydraulic integration is considered identical to ST. If not, then a turn-key investment must be calculated
for each individual case, inclusive of all required components to generate heat and integrate into the
industrial process.
Table 4.4 Breakdown of collector field and process integration costs in total turn-key costs

Plant
Size
ST
PV

500
50
300
30

m2ap
m2ap
kWp,el
kWp,el

IST,PV
(Collector Field)
€/m2ap €/Wp % Turn-key
350
0.58
74.7
400
0.67
66.7
1
74.7
1.25
66.7

IST,PV
(Process Integration)
€/m2ap €/Wp % Turn-key
119
0.20
25.3
200
0.33
33.3
0.25
25.3
0.62
33.3

IST,PV
(Turn-key)
€/m2ap
€/Wp
469
0.8
600
1.0
1.25
1.87

In the coming decades, PV prices are predicted to be reduced by half [91,190–192]. For the case study,
current turn-key PV process heat plant investments (IPV) are set at 1.25 €/Wp and in an outlook at 0.75
€/Wp. The investment for turn-key ST process heat plants varies widely. The Solar Heat for Industrial
Processes (SHIP) database (ship-plants.info, [193]) provides information on constructed industrial ST
process heat plants around the world. Table 4.5 displays a short summary of plants, their location, size,
and installed specific investment (with and without subsidy). The German Federal Office for Economic
Affairs and Export Control collects data through their solar thermal subsidy program for ST process
heat plants larger than 100 m2ap [194,195], summarized in Figure 4.12.
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Figure 4.12 The installed turn-key investment of ST process heat plants in Germany before subsidies [195]

Their results echo similar investments to the SHIP database, with FPC plant unsubsidized investments
between 200..1000 €/m2ap and ETC/CPC from 400..1200 €/m2ap. Specific investments decrease as the
size of the ST plant increases (up to 1000 m2ap), leading to 200..300 €/m2ap for FPC and 400..550 €/m2ap
for ETC/CPC. Some of the higher investment plants may be attributed to inflated component costs to
misuse the subsidy program, however.
Table 4.5 A small example of plants listed in the SHIP database [193] accompanied by their specific investment

Plant Name

Location

Prestage Foods
Ruyi Textile
Edmund Merl Foods
Parking Services
Emmi Saingelegier

USA
China
Germany
Spain
Switzerland

Collector
Type
FPC
ETC
FPC
FPC
PTC

Plant Size
(m2ap)
7000
7000
510
460
627

Specific Investment (€/m2ap)
without subsidy
with subsidy
1000
350
240
240
582
400
584
584
956
478

𝐼𝐿𝐶
The case study is conducted for Copenhagen, Sydney, and Dongola. The Investment Ratios (𝐼𝑅𝑔𝑒𝑛
) are
′
obtained from Eq. (37), (38), and graphically using Figure 4.5 (a-e). A PLC correction factor (𝐹𝑃𝐿𝐶
) of
𝐼𝐿𝐶
0.90 is taken into account to adapt the 𝐼𝑅𝑔𝑒𝑛
model to realistic industrial conditions (Figure 4.9). TP,return

and TP,flow for the respective collectors are 50..80 °C (FPC), 70..100 °C (ETC), and 110..140 °C (PTC).
𝐼𝐿𝐶
By combining equations Eq. (31) (replacing IRlocal with 𝐼𝑅𝑔𝑒𝑛
from Eq. (37) and (38)) along with the
′
𝐹𝑃𝐿𝐶
correction factor, the maximum specific investment for an ST process heat plant to be competitive
′
against PV is calculated, in Eq. (42). If land acquisition is taken into account, the 𝐹𝑙𝑎𝑛𝑑
term can be
included on the right-hand side.

′
2
𝐼𝐿𝐶
′
𝐼𝑆𝑇,𝑔𝑒𝑛 (€⁄𝑚𝑎𝑝
) = 𝐼𝑃𝑉 ∙ 𝐼𝑅𝑔𝑒𝑛
∙ 𝐹𝑃𝐿𝐶
∙ 𝐹𝑙𝑎𝑛𝑑
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The results of this case study are shown in Figure 4.13. At current IPV (1.25 €/Wp), IST remains above
400 €/m2ap in Copenhagen, 500 €/m2ap in Sydney, and 700 €/m2ap in Dongola for non-concentrating
collectors. Error bars indicate the RMSE or one standard deviation of the applied methodology. The
calculated maximum ST investments are generally greater than those observed in current ST process
heat plants (Table 4.5, Figure 4.12), meaning that ST process heat is currently less expensive than PV.
However, in lower irradiation regions like Copenhagen, the comparison is close for higher process
temperatures with a PTC. This technology tends to be more expensive that other collectors due to its
tracking requirements and worse performance due to limited beam irradiation in higher, cloudier
latitudes. Therefore, a PV resistance process heat plant can currently generate higher temperature heat
at a lower cost than a PTC in low and medium irradiation climates, where the maximum ST investment
must be below a challenging 350..450 €/m2ap.
IST (€/m2ap)
(Max. Investment)

900
800

TP,return

TP,flow

Collector

50
70
110

80
100
140

FPC
ETC
PTC

700
600

500
400
300
200
100
0
FPC

ETC

PTC

FPC

Copenhagen

ETC

PTC

FPC

Sydney
Present (1.25 €/Wp)

IPV

ETC

PTC

Dongola
Future (0.75 €/Wp)

Figure 4.13 An assessment of the present and future maximum investment for ST process heat plants to remain competitive against
PV. Note: IPV includes the necessary thermal process integration investment and is not only the PV collector field.

Assuming that an installed PV process heat plant can reach 0.75 €/Wp turn-key in the future, maximal
ST investments are in turn reduced. Without the cost of land in low irradiation regions like Copenhagen,
newly build ST process heat plants must be built for under 275 €/m2ap turn-key. While this target is
currently not often achieved, it is possible today, subsidy free. Very large district heating ST plants
(>10,000 m2ap) have been built in Denmark for an unsubsidized price of less than 250 €/m2ap, showing
the technology’s low-cost feasibility and competitiveness against current and future priced PV resistance
heat. In medium irradiation locations, 350 €/m2ap becomes the maximum threshold for ST (300 €/m2ap
for PTC), and approximately 475 €/m2ap in high irradiation locations. By using established best practices,
greatly increasing the number of installed ST process heat plants, and pursuing further costs reductions
on smaller plants, ST has the potential to be one of the prominent near-zero carbon process heat sources
in the future.
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4.5 Summary and conclusion
Renewable heat is gaining attention as a crucial way to reduce fossil fuel use and carbon emissions in
industry, with solar energy being a key source. The conversion of solar energy into usable heat is
traditionally done by solar thermal collectors, but through recent cost reductions PV may provide cost
competitive process heat through resistance heating. A universally applicable methodology has been
presented that clearly determines the lower cost solar process heat technology by using a few parameters
such as the specific turn-key plant investment, process and ambient temperature, and annual solar
irradiation. The methodology results have been simplified into useable charts for easy technology
comparison, adaptable to nearly any industrial condition. At current investments, ST process heat is the
more financially competitive technology in most regions while PV resistance process heat becomes
relatively less expensive when process temperatures are higher (above 100 °C) in lower irradiation and
temperature climates. As PV investments steadily decline, concerted efforts must be made to continually
reduce ST process heat plant investments to remain the lower cost solar heat producer. If they do not,
PV resistance process heat may become the less expensive option for the majority of Europe. The
specific cost targets laid out by the European Solar Thermal Industry Federation, now called Solar Heat
Europe, indicate that by 2020 non-concentrating collectors should cost less than 250 €/m2ap and
concentrating should cost less than 300 €/m2ap [196]. These cost targets are in-line with the results
determined in this chapter to ensure that solar thermal remains the lower cost solar industrial process
heat technology.
It is highly encouraged that these results be used and applied on real world plants to reduce industrial
fossil fuel consumption and carbon dioxide emissions. The use of this methodology can very quickly
determine whether solar thermal or photovoltaic resistance heat is the lower cost renewable heat
technology. However, it must be stated that in nearly every industrial setting, the cost of electricity is
higher than that of heat and any PV generated electricity should go towards offsetting the former simply
due to economics.
Electricity, either imported from a local grid or generated from a PV field, can instead be used to operate
a vapor compression heat pump. Such a device has the ability to “lift” low-grade waste heat to a higher
temperature level so it can be used in an industrial process. By doing so, the quantity of useable heat by
the process is multiple times greater than that of resistance heating with the same electricity input. This
leads to a more competitive renewable heat comparison with solar thermal process heat. In Chapters 5
and 6, an assessment of renewable heat between ST and heat pumps is conducted, powered respectively
with grid electricity and PV.
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5 Solar Thermal and Heat Pump Assessment
A techno-economic comparison methodology is developed to assess the cost effectiveness of solar
thermal and electricity powered vapor compression heat, similar to Chapter 4. Using key investment and
performance indicators, the methodology clearly elucidates the lower cost process heat and carbon
abatement technology under most situations found in low temperature industries. The analysis also
calculates the maximum specific investment for solar thermal to remain financially competitive against
heat pumps, serving as a target for the solar thermal industry. The methodology, which is independent
of plant size, process temperature, and technology, reveals key results when applied to three cities in
Europe of varying solar irradiation, current electricity costs, and carbon emissions. In Seville, the
maximum specific solar investment is typically greater than 500 €/m2ap, meaning that solar thermal will
most likely provide lower cost heat than heat pumps. The case for Stockholm is the opposite, with the
maximum solar thermal investment bring primarily less than 300 €/m2ap, which is a challenging turnkey investment target that leads to the superiority of heat pumps in this region. There is a wide range
(230..1000 €/m2ap) of maximum solar thermal investment figures for a central German location
(Würzburg), indicating that either technology could be selected, but this is highly dependent on the
process and other boundary conditions. To abate carbon, solar thermal is the lower cost technology for
both Seville and Würzburg. In Stockholm, a heat pump provides lower cost carbon abatement due to
very low carbon electricity from hydro and nuclear sources. In the future, both case studies must be
reassessed given the changing landscape of grid electricity prices and carbon footprints. Therefore, at
any time now or in the future, the developed methodology can flexibly compare solar thermal and heat
pumps so that a lower cost process heat technology can quickly be selected, while also providing a plant
investment target for the solar thermal industry.

5.1 Introduction
As industries must reduce their carbon footprints in accordance with corporate, national, and
international goals, renewable and low carbon heat will replace current fossil fuel options. However, it
is often unclear what the most economical technology measures are. To help industries with their
investment decisions, this chapter develops a robust methodology to determine which technology can
produce low temperature process heat or abate carbon at a relatively lower cost; solar thermal (ST) or a
compression heat pump (HP) powered with grid electricity.
The economic assessment of renewable heat for industrial applications has been attempted in numerous
publications focused on singular applications. However, few studies have comparatively assessed ST
and HP. A national study of renewable energy options for Australian industrial gas users shows multiple
LCOH scenarios of various process temperatures against natural gas [197]. These results indicate that
solar process heat at 200 °C is less expensive when natural gas costs >36 €/MWh and at 100 °C, when
natural gas costs >12 €/MWh, at a site with an annual irradiation of 1850 kWh/m2a. Turn-key ST process
heat plant investments are estimated to be between 350 and 1000 €/kWp (500..1400 €/m2ap assuming 0.7
kWp/m2ap) for flat plate and vacuum tube collectors. It the same study [197], an electrically powered
vapor compression HP is economically competitive when producing heat at 100 °C against a natural gas
cost > 24 €/MWh, though this is highly dependent upon Coefficient of Performance, electricity cost,
and operational hours. A similar report by Taibi et al. details renewable energy integration in industry,
focusing on ST, HP, and biomass [31]. The calculated “break even” price for an installed ST process
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heat plant against other fuel stocks varies between 200..300 €/kWth for low (1200 kWh/m2) and high
(2000 kWh/m2) solar irradiation locations respectively, or 140..210 €/m2ap when assuming a 0.7 kW/m2ap
conversion. The authors state that HPs will compete with ST as a low carbon heat technology but they
do not directly compare the two technologies to determine under which conditions one produces heat at
a lower cost relative to the other. An assessment of subsidies and costs in the European Union (EU)
energy sector, undertaken by Ecofys [198], shows that when ST is coupled with a gas boiler, it is
typically less expensive that an air source HP, though in the domestic, not industrial, sector. A wide
reaching study by IRENA [199] compiles the renewable energy options for industry by 2030, predicting
that ST generated process heat (< 150 °C) could cost anywhere between 30..90 €/MWh, and HP
generated process heat between 20..50 €/MWh. While this study provides an indirect technology
comparison, its results allow limited flexibility in solar thermal specific yield, technology cost,
electricity price, and HP operational time, with the latter set to a very optimistic 7000 hours. The ongoing
ENPRO project, led by AEE INTEC, takes this assessment one step further, providing support for
energy audits, renewable heat integration, and techno-economic analysis of both ST and HP [200] in the
industrial sector.
Both ST and HP have the ability to abate carbon by offsetting the quantity of fuel burned in an industrial
process, but both require electricity to operate. The required electricity’s carbon intensity depends
heavily on the source of local generation, which will change over time as countries adopt new fuel
sources and renewable energy. The cost of the carbon abatement is not only influenced by technology
and electricity cost, but also by the electricity’s fuel source and typical industrial site-specific factors
like full load operational hours and heat sink and source temperature. Xiao et al. [201] determines the
cost of abated carbon for China’s building sector in 2030. The researchers identify an ST carbon
abatement cost of 11.9 $/t CO2e and a ground source HP at 174 $/t CO2e, but little information is
provided on the operating parameters of both technologies. Joelsson [202] and Kesicki [203] report a
similarly high values for HP carbon abatement (100 € and 137 £/t CO2e respectively) in the household
sector, in agreement with the subsequent work of Patteeuw et al. [204]. A study focusing on South Africa
identifies a carbon abatement cost of 31..33 $/t CO2e for ST and -10 $/t CO2e for HP, showing the
latter’s ability be a financial benefit and not a cost center [205]. McKinsey & Company [206] published
a seminal work in this field, indirectly indicating that both ST and HP have a cost of abated carbon
above 60 $/t CO2e, but again is only for the household sector. Very limited work, if any, assesses and
compares the cost of carbon abatement in the low temperature industrial heat sector between ST and
HP.
Previous assessments have generally focused on comparing current process heat technology, i.e. fossil
fuel boilers, with a potentially lower cost renewable heat technology, ST or HP. In the coming years,
the question will shift from “Can renewable heat be less expensive than fossil fuel heat?” to “Which
renewable heat technology is better suited to achieve the industry’s carbon reduction or sustainability
goals?” In this light, this chapter develops a robust methodology to determine which renewable heat
technology, ST or HP, can produce heat and abate carbon at a relatively lower cost, taking into account
various financial, environmental, and industrial process conditions.
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5.2 Methodology
This section develops a methodology to determine which renewable heat technology, ST or HP, can
produce heat or abate carbon at a lower cost under primary boundary conditions. In Section 5.2.1 the
main influencing parameters of both ST and HP are presented. Sections 5.2.2 and 5.2.3 describe the
techno-economic comparison methodology using said parameters. Section 5.2.4 uses the methodology
to create assessment calculations to compare the two technologies under ideal and non-ideal conditions,
leading to a universally applicable process for technology assessment, both now and in the future.

5.2.1 Primary boundary conditions
The energetic performance of ST and HP process heat plants is subject to very specific industrial
parameters that greatly influence each technology’s ability to generate heat. Some, but not all, of these
parameters include the industrial heat load profile and schedule, demanded temperature, and waste heat
source. The type of technology selected, ranging between flat plate and compound parabolic
concentrators for ST to various refrigerants, pumps, and pressure levels for HP, determines the potential
thermal energy generation per year at a given cost. Due to the near infinite quantity of techno-economic
comparisons per technology, industrial demand, and location, a flexible general comparison framework
is proposed, based on key inputs that can be easily obtained through publicly available tools, information
sheets, and a general understanding of the factory in question. These inputs are listed in Table 5.1.
Table 5.1 The main input parameters for the comparison of renewable heat technologies

Tech.
ST

HP

Parameters
Specific Solar Yield
Solar Plant Investment
HP Plant Investment
Coefficient of Performance
Full Load Operation Hours

𝑆𝑇
(𝑞𝑠𝑜𝑙
)
(IST)
(IHP)
(COP)
(FLH)

Electricity Cost

(Cel)

Units
kWh/m2ap·a
€/m2ap
€/kWth
kWth/kWel
hours/year
€/MWh
€/kWh

Potential Source
[41,130,195,207–209]
Local installer/supplier or [193,195]
Local installer, supplier or [52]
Manufacturer data sheets
Basic energy audit
Basic energy audit

5.2.1.1 Solar thermal
𝑆𝑇
The specific solar thermal yield (𝑞𝑠𝑜𝑙
) is defined as the quantity of annual collected solar energy per
square meter of collector aperture area delivered to the industrial process, inclusive of thermal losses
𝑆𝑇
from pipes and storage, in Eq. (22). Values of 𝑞𝑠𝑜𝑙
range considerably based on collector type,
temperature range, storage size, process load profile/schedule and location. Typical values can vary from
less than 300 kWh/(m2ap·a) in low solar irradiation regions to more than 1200 kWh/(m2ap·a) in high solar
irradiation regions [41,207], shown in Section 3.5.1 in Figure 3.8. Estimates of the specific solar thermal
yield can be carried out through online tools such as Greenius [208], System Advisor Model [209], and
the Solar Prozesswärme website [195]. A quick assessment tool is discussed early in this work, found
in Section 3.5 and in Appendices 10.4, 10.5, and 10.6.

The ST plant specific investment (IST) is the turn-key price for a complete ST process heat plant,
inclusive of thermal storage, installation, process integration, etc. and any locally available subsidies.
Typical investments are discussed in Section 4.4.2 for larger plants (> 500 m2ap), which range between
300..400 €/m2ap for flat plate collectors and 400..700 €/m2ap for vacuum tube collectors. Very large plants
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(> 10,000 m2ap) built in Denmark for district heating with near optimal conditions can be constructed for
less than 250 €/m2ap [210]. Investment targets without subsidies for ST process heat plants are set by the
Renewable Heating and Cooling European Technology Platform [196] at 250 €/m2ap for nonconcentrating plants and 300 €/m2ap for concentrating plants by 2020.

5.2.1.2 Heat pumps
The Coefficient of Performance (COP) is the main parameter used to describe the ability of a HP to lift
heat from a lower to higher temperature. The parameter is ideally defined (Carnot) by the temperature
of the heat sink (Tsink, or TP,flow of the industrial process) in Kelvin divided by the temperature difference
between the heat sink and source (Tsource, or the site-specific waste heat), named the temperature lift (dT).
Due to unavoidable thermodynamic inefficiencies, typical COPs are much lower and calculated with a
COP efficiency modifier (ηCOP), defined by the measured COP of an operating HP divided by the Carnot
COP. The final equation to calculate a HP COP is based on sink and source temperatures (in Celsius),
in Eq. (43). The COP is also defined as the ratio of useable heat produced by the HP (Qth) divided by
the electrical work of the compressor (Wel). Only electric vapor compression HPs are investigated in this
study.

𝐶𝑂𝑃 = 𝜂𝐶𝑂𝑃 ·

𝑇𝑠𝑖𝑛𝑘 + 73.15 𝑄𝑡ℎ
=
𝑇𝑠𝑖𝑛𝑘 − 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 𝑊𝑒𝑙

(43)

The COP efficiency (ηCOP) is determined for a number of commercially available high temperature HPs
(Table 5.2). The average COP efficiency for all listed HPs is approximately 45%, leading to COPs
between 2..6, dependent on Tsink and dT. Similar COPs have been measured by other researchers
[52,211,212]. It should be noted that HPs often do not operate at their design capacity for the entire year,
adjusting refrigerant flow to match transient waste/source heat energy flows. As such, an instantaneous
COP can vary due to the changing efficiency of the electrically driven compressor at different flow rates
[213–215]. Current research into HP technologies [216–218] and product offerings by companies now
incorporate either variable speed or multiple parallel compressors, or both, which helps to maintain a
more constant COP over a range of flow rates. For the remainder of this work, the referenced COP is
an average value over the operating year, taking into account any variable load performance that can be
calculated by the HP supplier or through their data sheets.
In addition, some HPs, so-called “integrated heat pumps,” can provide both a cooling and heating source
simultaneously. Such HPs are often found in the food and beverage industry due to concurrent product
cooling (refrigeration) and heating (cooking, cleaning) requirements. In this work, the focus is primarily
on heating applications and the indicated COP is only for heat generation. If an integrated HP were to
be used in the described analysis and methodology, the COP would have to be increased by
approximately 60% to capture the economic benefit of cooling [52]. This would significantly increase
the economic competitiveness of HPs.
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Table 5.2 A selection of high temperature heat pumps and their operating parameters

Model
350 HT Pro
IWWHSS R2R3
Heat Booster
Heat Booster
SPP High Lift

Refrigerant
R1234ze
R134a/FKW ÖKO 1
HFC245fa
1336mzz(Z)
R-704

Tsink (°C)
35..90
70..90
90..130
110..150
180

Tsource (°C)
0..15 & 10..50
8..45 & 8..55
40..50 & 70..80
60..70 & 90..100
100

𝜼𝑪𝑶𝑷
0.35..0.5
0.37..0.5
0.34..0.53
0.31..0.48
0.46

COP
1.9..6.0
2.3..6.5
2.1..4.9
2.0..4.7
2.1

1
2
3
3
4

Sources: 1- [219], 2- [220], 3- [221], 4- [222]

HP plant investment (IHP), in units of €/kWth, is defined as the total price of an HP, including all
components related to its realization, such as heat exchangers, thermal buffer storage, process
integration, and installation labor, divided by its nameplate thermal capacity. Similar to ST, the
investment price is variable, dependent on integration difficulty, size, storage requirement, etc. A
compilation of case studies for vapor compression industrial HPs in Germany from the IEA Heat Pump
Programme [212] is shown in Figure 5.1. The specific HP investment (IHP) as a function of plant size
generally ranges between 300 and 900 €/kWth for heat pumps larger than 100 kWth, which is the focus
of this study. Wolf et al. [52] indicate a similar range for turn-key HP investments, between 300..1000
€/kWth, with 400 €/kWth a current industry average for off-the-shelf products to custom built multimegawatt plants. On the low end of the investment spectrum are results for China, with values between
200..250 €/kWth [223]. Such low turn-key investments will likely not be repeated in Europe or other
countries in the foreseeable future.
1400
1200
1000

IHP
(€/kWth )

800

600
400
200
0

10

100
1000
Heating Capacity (kW)

10000

Figure 5.1 A summary of specific turn-key heat pump investment (IHP), adapted from [212]

The last two main HP parameters that define its economic performance are the grid electricity price (Cel)
and the number of full load hours a HP can operate per year (FLH). While electricity prices vary widely
between companies due to their negotiated contracts and different cost structures (demand/capacity and
consumption charges), Eurostat [11] provides typical electricity prices (excluding value added tax) in
the EU. As of the end of 2016, prices ranged from 0.065 €/kWh to 0.155 €/kWh for Sweden and Italy,
respectively, with an EU-28 average of 0.114 €/kWh. The number of full load hours (FLH) a HP can
operate depends on the heat source and sink availability, their concurrence, and potential storage size.
If a manufacturing process has one-shift operations, five days a week, a HP can operate approximately
2000 hours, assuming the source and sink are available during the entire time. More continuous
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processes with readily available heat sources can have higher FLHs, up to 6000 or more in some cases
[224]. If heat sources are limited or intermittent, very low (<500) FLHs are not out of the realm of
possibility. In some situations, by incorporating a thermal storage, a smaller HP can be used to achieve
larger FLHs, but this must be included in the turn-key IHP.
The use of a small storage tank is recommended in the design of a HP plant to provide a small buffer
from transient temperature spikes in the source and sink streams, allowing for better and more consistent
compressor and heat exchanger performance. Industry leading HP vendors recommend a buffer tank to
be sized between 10 and 20 liters per kWth of HP nameplate capacity [225]. In some infrequent cases, a
larger tank is required to store hot water when the source and sink streams are not concurrent. The use
of a storage tank will incur thermal losses. Two typical cases are presented in Table 5.3 to estimate the
impact of storage thermal losses on the overall energy production of a HP: one for a small buffer storage
tank and the other for a large and “worst case” twelve-hour storage, representing a complete nonconcurrence between source and sink availability. In this example, the industrial process is heated from
50..90 °C in a room of 15 °C. Assuming a typical storage tank heat loss U-value of 0.86 W/m2K [226],
results show that the thermal energy loss due to the inclusion of storage is quite small, a quarter percent
for the buffer storage and less than two percent for the worst case twelve-hour storage. Other storage
losses will vary between these two values, dependent on the number of storage hours required. Due to
the small impact of thermal storage losses on overall HP energy production, they are neglected in the
subsequent analysis for simplification purposes.
Table 5.3 The effect of thermal storage losses on heat pump energy production

Storage
Type
Buffer
12 Hour

Heat Pump
(kWth)
500
500

Storage Volume
(l/kW)
15
257

U-value
(W/m2K)
0.86
0.86

UA- value
(W/K)
18.2
121

Thermal Energy
Loss
0.27%
1.82%

5.2.2 Levelized cost of heat assessment
The methodology described in this section builds on the methodology for financial comparison between
ST and PV in Section 4.2. For a specific set of parameters (Table 5.1 and Table 5.4), the Levelized Cost
of Heat (LCOH) is calculated for both the ST process heat and HP plants, using turn-key investments
for both, inclusive of subsidies. While the absolute LCOHs are helpful to know, only the relative values
are important when determining which of the two technologies produces relatively less expensive heat.
To do this, it is first determined at which point the LCOHs are equivalent, by setting LCOHST = LCOHHP,
𝑆𝑇
using Eq. (44) and (45). With known parameters of a HP (IHP, FLH, COP, Cel) and ST (𝑞𝑠𝑜𝑙
) for a certain
case, an iterated value of IST is determined to make the LCOHs equivalent. Similar financial parameters
are applied as in Section 4.2.1 for the discount (DR) and degradation rate (SD) and years of operation
(N). Two new parameters are included in the LCOH calculations to more accurately account for
operational costs and carbon emissions: the quantity of electricity used by the ST process heat plant
𝑖𝑛𝑓

(STelec) and the inflation rate of electricity price (𝐶𝑒𝑙 ). STelec is estimated by dividing the annual solar
𝑆𝑇
specific (𝑞𝑠𝑜𝑙
) yield by 80, a typical average value for larger ST process heat plants [227]. LCOH results
are calculated for three different electricity inflation rates (0, 3, and 6 %) to allow for flexibility in local
conditions.
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𝑂𝑀𝑆𝑇
∑𝑁
𝑛=1

𝐼𝑆𝑇 +
𝐿𝐶𝑂𝐻𝑆𝑇 =

𝐼𝐻𝑃 +
𝐿𝐶𝑂𝐻𝐻𝑃 =

𝑖𝑛𝑓 𝑛

· 𝐼𝑆𝑇 + 𝑆𝑇𝑒𝑙𝑒𝑐 · 𝐶𝑒𝑙 · (1 + 𝐶𝑒𝑙 )
(1 + 𝐷𝑅)𝑛
𝑆𝑇
𝑞𝑠𝑜𝑙 · (1 − 𝑆𝐷)𝑛
∑𝑁
𝑛=1
(1 + 𝐷𝑅)𝑛

∑𝑁
𝑛=1

(44)

𝐹𝐿𝐻
𝑖𝑛𝑓 𝑛
𝑂𝑀𝐻𝑃 · 𝐼𝐻𝑃 + (
) · 𝐶𝑒𝑙 · (1 + 𝐶𝑒𝑙 )
𝐶𝑂𝑃
(1 + 𝐷𝑅)𝑛
𝐹𝐿𝐻
∑𝑁
𝑛=1 (1 + 𝐷𝑅)𝑛

(45)

Table 5.4 The input parameters for the LCOH calculations

Parameter
IST,HP
OMST,HP
𝐶𝑒𝑙
𝑖𝑛𝑓

𝐶𝑒𝑙

Definition
Plant Investment
(/m2ap, /kWth)
Operation and Maintenance
(% of IST,HP)

ST Value

HP Value
Variable

2%
[135]

2.5%
[228]
0.05..0.20
[229]
0..3..6%
[230]

Grid Electricity Cost
Inflation of Electricity Cost

FLH

Annual Full Load
Operation Hours

500..8760

COP

Coefficient of Performance

2..6

𝑆𝑇
𝑞𝑠𝑜𝑙

Specific Annual Solar Yield
kWh/(m2ap·a)
ST Electricity Use
kWh/m2a

STelec
DR

Discount Rate

SD

Degradation Rate

N

Years of Operation

200..1400
𝑆𝑇
𝑞𝑠𝑜𝑙
/80
[227]

6.40%
[131,178,182,183]
0.4%/a
[184]
20
[156,183,186]

20
[228]

The key results from the iterations are the ST investment (IST) and the grid electricity cost (Cel), as they
are the two largest influencing factors in the overall heat price for the respective technology. When
combined into a ratio, dividing IST by Cel, a new term is coined, called the Investment Cost Ratio (ICR),
Eq. (46) , valid only when LCOHST = LCOHHP.

𝐼𝐶𝑅 (

€,£,$⁄𝑚
€,£,$⁄𝑀 ℎ

) = 𝐼𝑆𝑇 ⁄𝐶𝑒𝑙

(46)

The ICR is a powerful term that can be quickly applied at an industrial site to determine which
technology provides lower cost heat. This ratio has four main subscripts defined for certain uses: local,
market, gen, and val. The first three are explained in Section 4.2.2. The “local” subscript comes from
the results of one specific simulation and is specific to that one local case, which is the true or exact
value when the process heat costs are identical. The “market” subscript is used to denote a known turnkey investment for the specified technology, drawing on the market price of ST and electricity for a
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location of interest, inclusive of local subsidies and other financial incentives. Regression analysis is
used to generalize and approximate the iterated ICR and IST from many cases, denoted by “gen” in the
subscript. A validation simulation is conducted to confirm the methodology’s accuracy and its results
have a “val” subscript. The “local” and “gen” subscript can be used interchangeably, as “gen” is
calculated to be a very accurate approximation of “local.” These subscripts can be used with IST and Cel
to depict certain cases.
When the ICRgen and Cel,market are known for a specific case, they can be multiplied together in Eq. (46)
to obtain IST,gen. If an ST process heat plant can be built turn-key in a specific market (IST,market) for less
than the calculated IST,gen, ST will provide heat at a lower cost than a HP, shown in Eq. (47). This is
because the IST,gen value represents a point when LCOHST = LCOHHP, indicating the maximum
investment of an ST process heat plant to remain competitive against a HP. When the market price is
lower (IST,market), so is LCOHST relative to LCOHHP, ensuring ST is the lower cost renewable heat
technology.
𝑆𝑇 𝑐ℎ 𝑠𝑒𝑛, 𝐼𝑆𝑇,𝑚𝑎𝑟𝑘𝑒𝑡 < 𝐼𝑆𝑇,𝑔𝑒𝑛
{
𝐻𝑃 𝑐ℎ 𝑠𝑒𝑛, 𝐼𝑆𝑇,𝑚𝑎𝑟𝑘𝑒𝑡 > 𝐼𝑆𝑇,𝑔𝑒𝑛

(47)

The described financial analysis and subsequent results are sensitive to the parameters in the LCOH
equations that are not varied, namely, the discount rate (DR), operation and maintenance rate (OMST,HP),
degradation rate (SD), and years of operation (N). A brief sensitivity analysis is conducted to determine
if a fifty percent increase or decrease in these parameters’ values will greatly influence the ICRlocal,
shown in Figure 5.2. The base case is taken for the following technology parameters, typical for both an
𝑆𝑇
ST process heat and HP plant; 𝑞𝑠𝑜𝑙
: 600 kWh/m2ap·a, 𝑆𝑇𝑒𝑙𝑒𝑐 : 7.5 kWhel/ m2a, COP: 3.5, FLH: 2000 h/a,
𝑖𝑛𝑓

Cel: 0.10 €/kWh, 𝐶𝑒𝑙 : 3%, and IHP: 400 €/kWth.
The two most sensitive parameters are the cost to operate and maintain the ST process heat plant (OMST)
and the number of operational years (N) of both plants. The parameters that induce the least change in
the ICRlocal are the OMHP and the SD of the ST process heat plant. Higher discount rates (DR) negatively
influence the ICRlocal because the total present cost of purchased electricity, the main contributor to the
HP heat price, is reduced. In conclusion, the magnitude of the ICRlocal change is relatively small,
indicating that the results are robust under typical financial parameters. If large deviations from these
parameters occur, a new simulation study with more fitting results would have to be undertaken.
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5.2.3 Levelized cost of abated carbon assessment
An ICR calculation is conducted using the Levelized Cost of Abated Carbon (LCAC), similar to the
methodology in Section 5.2.2. This determines the ratio of turn-key ST plant investment to electricity
cost when both technologies can abate carbon at the same cost. The equations to calculate the LCAC for
the ST process heat and HP plants are shown in Eq. (48) and (49), respectively. They use the same
iteration process in Section 5.2.2 to determine the ICR when LCACST = LCACHP. If a specific ICR and
electricity (Cel) cost are known, the maximum IST,gen can be calculated for ST, in Eq. (46). Therefore, if
an ST process heat plant (IST,market) can be built for less that this maximum specific investment (IST,gen),
then ST is the lower cost carbon abatement technology, in Eq. (47).
𝑂𝑀𝑆𝑇
∑𝑁
𝑛=1

𝐿𝐶𝐴𝐶𝑆𝑇

𝑖𝑛𝑓 𝑛

· 𝐼𝑆𝑇 + 𝑆𝑇𝑒𝑙𝑒𝑐 · 𝐶𝑒𝑙 · (1 + 𝐶𝑒𝑙 )
𝐼𝑆𝑇 +
(1 + 𝐷𝑅)𝑛
=
𝑆𝑇 (1
𝐶𝐹𝑄 · 𝑞𝑠𝑜𝑙
· − 𝑆𝐷)𝑛 − 𝑆𝑇𝑒𝑙𝑒𝑐 · 𝐶𝐹𝐸
∑𝑁
𝑛=1
(1 + 𝐷𝑅)𝑛

𝐼𝐻𝑃 +
𝐿𝐶𝐴𝐶𝐻𝑃 =

𝐹𝐿𝐻
𝑖𝑛𝑓 𝑛
𝑂𝑀𝐻𝑃 · 𝐼𝐻𝑃 + (
) · 𝐶𝑒𝑙 · (1 + 𝐶𝑒𝑙 )
𝐶𝑂𝑃
(1 + 𝐷𝑅)𝑛
𝐹𝐿𝐻
𝐹𝐿𝐻 · 𝐶𝐹𝑄 − (
) · 𝐶𝐹𝐸
𝐶𝑂𝑃
𝑁
∑𝑛=1
(1 + 𝐷𝑅)𝑛

(48)

∑𝑁
𝑛=1

(49)

The numerators of the two LCAC equations are identical to the LCOH, accounting for the total
depreciated ownership cost of the ST process heat and HP plants during their lifetime. The denominator
quantifies the amount of carbon abated by an ST process heat or HP plant, using the energy to carbon
conversion factors from Table 2.3. This is calculated by multiplying the generated thermal energy by
the on-site fossil fuel carbon factor (CFQ) minus the required electricity to operate the device multiplied
by the grid electricity carbon factor (CFE). ST requires electricity to operate various pumps and HP
requires electricity to operate the compressor. If a negative value is calculated from the LCAC, this
means that the HP emits more carbon than it thermally offsets, generally due to the high carbon intensity
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of local electricity. The relative relationship between the two carbon factors is important, as it drives the
calculation between thermal energy carbon savings and electrical energy carbon emissions. This is
named the Carbon Ratio (CR), simply CFE/CFQ. Using Table 2.3 and assuming that natural gas is the
main heating fuel used within industry, the CR can range from 0.25 in France to 3.4 in Poland. This
value is highly variable based on local fuel used (natural gas, oil, coal) and the electricity mix of the
region or country. Results are provided for four CR values, 0.5, 1, 2, and 4. In the future, these values
will change due to increased implementation of low carbon electricity and national grid interconnection.

5.2.4 Solar thermal and heat pump simulation and model generalization
When applying the ICR methodology for a technology comparison, a two-step process is recommended.
First, the ICRlocal is calculated for an infinite load case with fixed industry parameters (Section 5.2.4.1).
A correction factor is then derived and calculated to adjust the ICRlocal to a wider range of parameters,
giving it universal applicability (Section 5.2.4.2). Graphical tools (Section 5.3) provide an easy-to-use
method to determine the lower cost renewable heat technology.

5.2.4.1 ICR calculation, ideal case
The IST,local and ICRlocal are calculated using Eq. (46) when comparing and iterating the two LCOH and
𝑆𝑇
LCAC equations as set equal to each other for the span of expected COPs and 𝑞𝑠𝑜𝑙
(Table 5.4), while
holding fixed the FLH, IHP, and Cel (8760 h/a, 200 €/kWth, 50 €/MWh), respectively. This is repeated
𝑖𝑛𝑓

for multiple electricity inflation rates (𝐶𝑒𝑙 ) and Carbon Ratios (CR). These values are symbolic of the
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
ideal case when HPs produce the lowest cost heat, meaning that the ICRlocal (renamed 𝐼𝐶𝑅𝑙𝑜𝑐𝑎𝑙
,
𝑆𝑇
indicating the ideal HP case) is at its lowest possible value for a given COP and 𝑞𝑠𝑜𝑙
. This means that
the iterated IST,local is also at its lowest possible value (when Cel: 50 €/MWh), a useful price target for the
solar process heat industry to ensure it will always be lower than a HP. The analytically calculated
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
𝑆𝑇
𝐼𝐶𝑅𝑙𝑜𝑐𝑎𝑙
is generalized through a multiple linear regression analysis using the COP and 𝑞𝑠𝑜𝑙
, in Eq.

(50). Results are graphically displayed in Section 5.3.

𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
𝐼𝐶𝑅𝑔𝑒𝑛
(

2
€, £, $⁄𝑚𝑎𝑝
𝑆𝑇
𝑆𝑇
⁄𝐶𝑂𝑃
) = 𝜃0 + 𝜃1 · 𝐶𝑂𝑃 + 𝜃2 · 𝑞𝑠𝑜𝑙
+ 𝜃3 · 𝑞𝑠𝑜𝑙
€, £, $⁄𝑀𝑊ℎ

(50)

5.2.4.2 Correction factor for universal application
The ideal HP operating parameters (FLH, IHP, and Cel) are not representative of typical conditions in
industry. Typical HPs operate less than 8760 hours, cost more than 200 €/kWth turn-key, especially when
considering installation costs, and use electricity from the grid at a cost greater than 50 €/MWh. To
′
account for these differences, a correction factor (𝐹𝑆𝑇,𝐻𝑃
) is calculated, dependent on these three
parameters and the COP using linear regression and a Monte Carlo (MC) simulation to obtain the
required input data.
First, a 5,000 run MC simulation is conducted in which the main parameters for the LCOH equations
𝑆𝑇
are randomized per run (FLH: 500..8760 h/a, IHP: 200..800 €/kWth, Cel: 50..200 €/MWh, COP: 2..6, 𝑞𝑠𝑜𝑙
:
2
200..1400 kWh/m ap·a). During each randomized run, the LCOH and LCAC equations (Eq. (44), (45),
(48), and (49)) are set equal to each other and IST,local is solved (Section 5.2.2 and 5.2.3), along with
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𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
ICRlocal in Eq. (46). For the same MC simulation run, 𝐼𝐶𝑅𝑔𝑒𝑛
is calculated in Eq. (50) using the
𝑆𝑇
randomized COP and 𝑞𝑠𝑜𝑙
. The relative difference between these two values is the correction factor
between the ideal and actual HP cases, expressed as a ratio in Eq. (51).

𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
′
𝐹𝑆𝑇,𝐻𝑃
= 𝐼𝐶𝑅𝑙𝑜𝑐𝑎𝑙 ⁄𝐼𝐶𝑅𝑔𝑒𝑛

(51)

This correction factor is expressed in terms of FLH, IHP, Cel, and COP. This relationship is derived by
′
recognizing that 𝐹𝑆𝑇,𝐻𝑃
is approximately a ratio of the LCOHHP between the non-ideal and ideal case
because the LCOHST remains the same, in Eq. (52). This equation can be reduced, ignoring the electricity
cost inflation, discount, and degradation rate, to a simplified equation in Eq. (53), containing two
reduced factors F1 and F2 (Eq. (54) and (55), respectively).

′
𝐹𝑆𝑇,𝐻𝑃
≈

𝐿𝐶𝑂𝐻𝐻𝑃
𝐿𝐶𝑂𝐻𝐻𝑃,𝑖𝑑𝑒𝑎𝑙

0 · 𝐶𝑒𝑙 · 𝐹𝐿𝐻
𝐶𝑂𝑃
𝐼𝐻𝑃
𝐶𝑒𝑙
𝐶𝑂𝑃
0 · 𝐹𝐿𝐻
≈
≈(
+
)·(
)
0 · 𝐶𝑒𝑙 · 87 0
𝐹𝐿𝐻 𝐶𝑂𝑃
𝐶𝑒𝑙
00 +
𝐶𝑂𝑃
0 · 87 0
𝐼𝐻𝑃 +

(52)

′
𝐹𝑆𝑇,𝐻𝑃
≈ 𝐹1 · 𝐹2 + 1

(53)

𝐹1 = 𝐼𝐻𝑃 ⁄𝐹𝐿𝐻

(54)

𝐹2 = 𝐶𝑂𝑃 ⁄𝐶𝑒𝑙

(55)

F1 is the IHP divided by FLH. These two terms are paired together because as IHP increases and FLH
′
decreases (deviations from the ideal HP case), F1 and 𝐹𝑆𝑇,𝐻𝑃
both increase. There is a similar trend for
′
F2, as COP increases and Cel decreases, F2 and 𝐹𝑆𝑇,𝐻𝑃
both increase. By reducing the dimensionality to

two instead of four, the results can be graphically depicted, in Section 5.3.2, but only as a calculation
tool and not a sensitivity analysis.
′
Linear regression is employed to develop a mathematical relationship between 𝐹𝑆𝑇,𝐻𝑃
, F1 and F2 in the

form of Eq. (56). The correction factor is valid for both the LCOH and LCAC financial comparisons,
only with slight differences in the model parameters.

′
𝐹𝑆𝑇,𝐻𝑃
≈ 𝜃4 · (𝐹1 · 𝐹2 ) + 𝜃5

(56)

It is of final interest to calculate the maximum IST,local for realistic cases, as this serves as a target for the
′
ST community to reduce plant costs and compare against a known IST,market. By multiplying 𝐹𝑆𝑇,𝐻𝑃
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
(calculated and graphically displayed in Section 5.3.2) by 𝐼𝐶𝑅𝑔𝑒𝑛
, an accurate ICRgen is determined

under case dependent operating conditions, in Eq. (57). The subscript “gen” indicates that its calculation
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
′
comes from a generalized form of 𝐼𝐶𝑅𝑙𝑜𝑐𝑎𝑙
in Eq. (50) and 𝐹𝑆𝑇,𝐻𝑃
in Eq. (56) due to the regression

analysis employed. This holds true for IST,gen in Eq. (58).
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𝐼𝐶𝑅𝑔𝑒𝑛 (

2
€, £, $⁄𝑚𝑎𝑝
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
′
) = 𝐼𝐶𝑅𝑔𝑒𝑛
· 𝐹𝑆𝑇,𝐻𝑃
€, £, $⁄𝑊𝑝

(57)

The maximum investment for ST to remain the lower cost process heat technology, IST,gen, is
subsequently calculated by rearranging Eq.(46), combined with Eq. (57), shown in Eq. (58), when a
market cost for electricity is known (Cel,market).

𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
2
′
𝐼𝑆𝑇,𝑔𝑒𝑛 (€⁄𝑚𝑎𝑝
) = 𝐼𝐶𝑅𝑔𝑒𝑛
· 𝐹𝑆𝑇,𝐻𝑃
· 𝐶𝑒𝑙,𝑚𝑎𝑟𝑘𝑒𝑡

(58)

5.3 Results
The results of the developed methodology are discussed in this section. Section 5.3.1 displays the
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
calculated 𝐼𝐶𝑅𝑙𝑜𝑐𝑎𝑙
results for the ideal HP case. Section 5.3.2 details the regression results for the
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
′
correction factor (𝐹𝑆𝑇,𝐻𝑃
) to adapt the 𝐼𝐶𝑅𝑙𝑜𝑐𝑎𝑙
to any possible HP operating case. Section 5.3.3

discusses the HP parameter sensitivity, Section 5.3.4 validates the methodology, and Section 5.3.5
introduces the possibility of a PV powered HP. Nomograms are developed for all cases to provide a
graphic tool for fast and simple technology comparison, located in Appendices 10.7 and 10.8. One
LCOH case is shown in this section for demonstrative purposes.

5.3.1 Ideal HP Investment Cost Ratio calculation
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
The Investment Cost Ratio ( 𝐼𝐶𝑅𝑙𝑜𝑐𝑎𝑙
) is calculated for a span of the two main performance
𝑆𝑇
parameters of ST and HP process heat plants, 𝑞𝑠𝑜𝑙
and COP, respectively, while under ideal HP
𝑖𝑛𝑓

conditions (FLH: 8760 h/a, Cel: 50 €/kWh, IHP: 200 €/kWth). Three electricity inflation rates (𝐶𝑒𝑙 ) are
considered along with four Carbon Rations (CR) for the LCAC comparison. To avoid negative LCAC
calculations, meaning the HP emits more carbon than it thermally offsets, the minimum COP is set one
unit higher than the CR.
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
The 𝐼𝐶𝑅𝑔𝑒𝑛
regression model coefficients are shown in Table 5.5 for use in Eq. (50). One case
𝑖𝑛𝑓

(LCOH, 𝐶𝑒𝑙 : 3%) is graphically depicted in Figure 5.3. The root-mean-square errors RMSEs of the
least squares regression are very small for the LCOH cases and still under 10% for LCAC, indicating a
good regression model. The p-values of each model coefficient are well below 0.05, indicating
significance.
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Table 5.5 Coefficients to calculate the 𝑰𝑪𝑹𝑯𝑷,𝒊𝒅𝒆𝒂𝒍
from 𝒒𝑺𝑻
𝒈𝒆𝒏
𝒔𝒐𝒍 and COP using Eq. (50)
𝑖𝑛𝑓

LCOH

𝐶𝑒𝑙 (%)
0
3
6

𝜃0
0.00073
0.00086
0.00111

𝜃1
-0.00018
-0.00022
-0.00028

𝜃2
0.00035
0.00032
0.00027

𝜃3
0.00879
0.01145
0.01522

RMSE
0.02%
0.02%
0.02%

0
6
0
6
0
6
0
6

-0.193
-0.332
-0.766
-1.298
-1.227
-2.040
-0.821
-1.317

0.048
0.083
0.191
0.324
0.272
0.453
0.149
0.239

-0.00039
-0.00099
-0.00216
-0.00398
-0.00536
-0.00921
-0.02013
-0.03257

0.0133
0.0227
0.0225
0.0381
0.0436
0.0724
0.1505
0.2415

2.26%
2.45%
7.67%
8.25%
7.62%
8.03%
2.53%
2.60%

CR
0.5
1
LCAC
2
4

It is recognized that the LCOH model fit is near perfect and could be overfit. However, when removing
the model parameters in succession, the RMSE increases to greater than 5% in each case, so all terms
are included for improved model prediction at the detriment of a longer equation. In addition, the RMSE
for the LCAC cases with a CR of 1 and 2 are much higher than the others, though there is no clear reason
′
for this. The implementation of the correction factor (𝐹𝑆𝑇,𝐻𝑃
) reduces all model prediction errors to
similar values (below 5%), eliminating this issue when applying the methodology to any typical case
found in an industrial setting.
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
To use Figure 5.3 for the calculation of 𝐼𝐶𝑅𝑔𝑒𝑛
, first determine the annual average COP of a desired
𝑆𝑇
HP plant and locate its value on the X-axis. Then, estimate a 𝑞𝑠𝑜𝑙
of a potential ST process heat plant
by applying the methodology and nomograms in Section 3.5 and Appendix 10.4. The intersection of
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
these two points is the 𝐼𝐶𝑅𝑔𝑒𝑛
, determined by the contour lines and color bar on the right-hand side.

The maximum IST,gen is also shown, as the Cel,market is already known for the ideal case (50 €/MWh). An
𝑆𝑇
example is shown in Figure 5.3 for a COP: 3.5 and 𝑞𝑠𝑜𝑙
: 700 kWh/(m2ap·a). The methodology produces
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
an 𝐼𝐶𝑅𝑔𝑒𝑛
of 2.51 [(€/m2ap)/(€/MWh)] and an IST,gen of 125 €/m2ap when Cel,market: 50 €/MWh.
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Figure 5.3 The calculation of the Investment Cost Ratio (𝑰𝑪𝑹𝑯𝑷,𝒊𝒅𝒆𝒂𝒍
) and IST,local under ideal HP conditions with 𝑪𝒆𝒍 : 3%
𝒈𝒆𝒏
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
The calculated 𝐼𝐶𝑅𝑔𝑒𝑛
serves as a starting point for the comparison between ST and HP for

renewable and low carbon industrial process heat generation, in particular when HPs are the most
competitive against ST. Under these conditions, ST process heat plants must generally be installed below
300 €/m2ap turn-key and often less than 200 €/m2ap to be the lower cost heat supplier, as shown in the
yellow and red area of Figure 5.3. While this serves as an investment target for the ST industry to ensure
that ST always produces lower cost process heat, it is not a very realistic comparison because HPs almost
always consume electricity above 50 €/MWh, operate less than 8760 hours a year and cost more than
200 €/kWth turn-key to purchase and install. To adapt the results from Figure 5.3 and Eq. (50) for a more
′
realistic comparison, a correction factor 𝐹𝑆𝑇,𝐻𝑃
is calculated using the four main HP parameters (FLH,
IHP, Cel, and COP) through an MC analysis.

5.3.2 Correction factor
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
The required correction factor equation to adapt 𝐼𝐶𝑅𝑔𝑒𝑛
to non-ideal and more realistic operating

conditions is derived from Eqs. (52)..(55). By using an MC simulation for all possible values of FLH,
′
IHP, Cel, and COP, the correction factor (𝐹𝑆𝑇,𝐻𝑃
) is calculated in Eq. (51) and a linear regression is
conducted in Eq. (56) to simplify the results into a concise and useable form. Regression results of Eq.
(56) are shown in Table 5.6 and are graphically displayed in Figure 5.4.
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Table 5.6 Linear model coefficients to estimate the correction factor (𝑭′𝑺𝑻,𝑯𝑷 )
𝑖𝑛𝑓

LCOH

𝐶𝑒𝑙 (%)
0
3
6

𝜃4
0.096
0.077
0.061

𝜃5
0.837
0.867
0.894

RMSE
4.69%
3.75%
2.88%

0
6
0
6
0
6
0
6

0.095
0.060
0.095
0.060
0.094
0.059
0.090
0.058

0.837
0.894
0.839
0.895
0.812
0.880
0.772
0.853

4.66%
2.89%
4.62%
2.87%
3.45%
2.11%
1.10%
0.69%

CR

1
LCAC
2
4

F2
(COP / Cel)

18

18
16

14

10

100

12

8

0.05

6
5
4
3
2
1

5

′
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Figure 5.4 A graphical representation of the calculated correction factor 𝑭′𝑺𝑻,𝑯𝑷 . This graph is not to be interpreted as a sensitivity
analysis, rather it serves as a correction factor calculation tool once the COP is already known for a certain application. The same
COP must be used for both the 𝑰𝑪𝑹𝑯𝑷,𝒊𝒅𝒆𝒂𝒍
and 𝑭′𝑺𝑻,𝑯𝑷 calculation.
𝒈𝒆𝒏
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The X-axis of Figure 5.4 is the first dimensionality reduced term of the 𝐹𝑆𝑇,𝐻𝑃
derivation, named F1, and

is simply the IHP / FLH in Eq. (54). The Y-axis is the second term, named F2, and is the COP / Cel in Eq.
(55). Cel in this graph is in units of €/kWh and not €/MWh. The same COP is to be used as in the first
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
calculation of the 𝐼𝐶𝑅𝑔𝑒𝑛
(Figure 5.3) along with a “market” known Cel,market, and not 0.05 €/kWh
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
for the ideal case. If a different COP were to be used, the 𝐼𝐶𝑅𝑔𝑒𝑛
must first be recalculated in Eq.

(50). In addition, this graph is not to be interpreted as a sensitivity analysis, and it only serves to calculate
′
a correction factor (𝐹𝑆𝑇,𝐻𝑃
), which is the intersection of F1 and F2 on the graph, shown on the color bar
to the right-hand side. This is also calculated with Eq. (56), using model parameters in Table 5.6. For
example, if a given industrial site intends to install a HP with a COP of 3.5 (same as the example in
Figure 5.3) at a turn-key investment of 500 €/kWth that operates 1500 hours per year using the market
′
electricity at 0.15 €/kWh, then F1: 0.333 and F2: 23.333, resulting in 𝐹𝑆𝑇,𝐻𝑃
: 1.47, summarized in Table
5.7.
Table 5.7 An example calculation of 𝑭′𝑺𝑻,𝑯𝑷

F1
IHP (€/kWth)
FLH (h/a)

500
1500

COP (kWth/kWel)
Cel,market (€/kWh)

3.5
0.15

𝑭′𝑺𝑻,𝑯𝑷

0.333
F2

1.47

23.333

𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
This value corrects the 𝐼𝐶𝑅𝑔𝑒𝑛
of 2.51 [(€/m2ap)/(€/MWh)], previously calculated in Section 5.3.1,

to determine an accurate 𝐼𝐶𝑅𝑔𝑒𝑛 under any HP conditions in Eq. (57). By applying the market electricity
cost (Cel,market) of 150 €/MWh to Eq. (58), the maximum ST investment (IST,gen) is determined for that
case, shown in Eq. (59). If the market investment (IST,market) for a turn-key ST process heat plant in this
region is less than this value (IST,gen), ST is the lower cost process heat provider, in Eq. (47).

𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
2
′
2
𝐼𝑆𝑇,𝑔𝑒𝑛 (€⁄𝑚𝑎𝑝
) = 𝐼𝐶𝑅𝑔𝑒𝑛
· 𝐹𝑆𝑇,𝐻𝑃
· 𝐶𝑒𝑙,𝑚𝑎𝑟𝑘𝑒𝑡 = .51 · 1.47 · 150 = 553 €⁄𝑚𝑎𝑝

(59)

5.3.3 Parameter sensitivity and example results
A brief sensitivity analysis determines which HP parameters have the largest influence on the ICR. A
𝑆𝑇
base reference case is taken at 𝑞𝑠𝑜𝑙
: 500 kWh/m2ap, FLH: 4500 h/a, COP: 3.5, IHP: 500 €/kWth, and
Carbon Ratio (CR): 1.5, mid-range values that are typical in industry. The HP parameters across their
range are along the X-axis in Figure 5.5.
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ICR

FLH (h/a)
COP (kW th / kW el)
IHP (€/kW th)
CR (CFE/ CFQ)

𝐼𝑆𝑇
𝐶 𝑙

Change from
Base Case
(%)

FLH
COP
IHP
CR

500
2
200
0

4500
3.5
500
1.5

8760
5
800
3

Figure 5.5 A sensitivity analysis of the ICR based on a heat pump full load operation hours, COP, and specific investment, including
the Carbon Ratio between electrical and thermal generation

The Investment Cost Ratio (ICR), when comparing the cost of process heat generation, is most sensitive
to the number of full load operating hours (FLH) and is highly non-linear in cases less than 2000 hours.
Second most sensitive is the HP COP, its sensitivity nearly linear, followed by the turn-key investment,
perfectly linear. When conducting a comparison between ST and HP, it is most important to accurately
estimate the HP FLH.
The ICR sensitivity for comparing the cost of abated carbon (LCAC) is nearly linear when the CR is low.
As the CR increases toward the HP COP (3.5 in the sensitivity analysis), the ICR increases
exponentially. This is explained by the denominator of the LCAC equation in Eq. (49). When the CR
approaches the HP COP, the denominator approaches zero, causing an exponential increase that means
a HP will emit as much carbon via electricity consumption as it thermally offsets. Therefore, an ST
process heat plant can be any cost (infinite ICR) to abate more carbon than a HP. In industry, the
electrical to thermal carbon ratio (CR) must be significantly smaller than a HP’s COP for lower cost
carbon abatement.
To visualize the most sensitive parameters, IST,gen is calculated for both the heat generation (LCOH) and
𝑖𝑛𝑓

carbon abatement (LCAC) cases, for two electricity inflation rates (𝐶𝑒𝑙 : 0 %, 6%), two HP FLHs (3000
and 1000), and three Carbon Ratios (CR: 0.5, 1, and 2). Other linear relationship parameters are the
annual ST yield of 400 kWh/m2ap, COP: 3.5, Cel,market: 0.15 €/kWh and IHP: 500 €/kWth, which remained
constant. Results are shown in Figure 5.6.
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𝑖𝑛𝑓

𝐶𝑒𝑙
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200
100
0
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0.5

1
Carbon Ratio

2

Figure 5.6 An assessment of IST,gen in a heat generation and carbon abatement comparison at two FLHs and electricity inflation rates
and three carbon ratios

The sampled maximum ST investments (IST,gen) for the LCOH cases vary between 200..450 €/m2ap and
for the LCAC cases between 250..1000 €/m2ap. The results show expectedly strong dependencies due to
HP FLH and CR. The electricity inflation rate increases the IST,gen for both the LCOH and LCAC due to
the higher cost to operate the HP in the future. When the CR is two or greater, ST is the clear lower cost
carbon abatement technology due to the higher carbon electricity required for heat pump operation. If
IST is less than 300 €/m2ap, it is the lower cost technology in most conditions. It is also observed that as
the CR reduces, the calculated IST,gen becomes closer to that of the LCOH comparison. When the CR
becomes zero, the electricity used to power the HP emits no carbon and has the same carbon offset
ability as an ST process heat plant. Therefore, an LCAC comparison approaches that of the LCOH as the
used electricity becomes carbon free. A case study is presented in Section 5.4.2 for three cities in Europe
that have different solar thermal yields, electricity prices, and carbon ratios.

5.3.4 Model validation and nomogram development
A second MC simulation is conducted to determine the validity of the comparison methodology
described in Section 5.2.4. The simulation consists of 10,000 runs with randomized parameters from
Table 5.1, iterated to solve for the IST,val (“val” for validation in the subscript to indicate its source) when
LCOHST = LCOHHP, which is the “true” maximum ST investment. The IST,gen is also calculated using Eqs.
(50), (56), and (58). The difference between these two is the methodology validation error (εgen = IST,gen IST,val in €/m2ap). Its distribution for one case is shown in Figure 5.7 with the validation error (εgen) along
the X-axis (2 €/m2ap bar width) and the frequency of error on the Y-axis. The error (εgen) is rather
Gaussian (red line) and well centered at nearly zero. The RMSE of the error for all cases is shown in
Table 5.8 and is generally less than 4%, smaller than the uncertainty within the solar energetic
simulations and thus considered acceptable.
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Percent of
Validation Simulations

Validation Error, εgen (€/m2ap)
Figure 5.7 The distribution of error from using described methodology instead of direct calculation, with a Gaussian distribution
highlighted in red. Each error bin is 2 €/m2ap.

Table 5.8 Validation results of the multiple linear regression analysis from the Monto Carlo simulation
𝑖𝑛𝑓

LCOH

𝐶𝑒𝑙 (%)
0
3
6

RMSE (%)
4.7%
3.7%
2.9%

RMSE (€/m2ap)
23.47
21.93
20.64

0
6
0
6
0
6
0
6

4.7%
2.9%
4.7%
2.9%
3.4%
2.1%
1.1%
0.7%

29.1
25.0
39.7
33.8
34.0
28.5
16.1
13.1

CR
0.5
1
LCAC
2
4

Through the use of the described methodology, the maximum ST investment (IST,gen) can be quickly and
accurately calculated. To determine if ST can produce heat or abate carbon at a lower cost than a HP,
this calculated value can simply be compared to a known market investment (IST,market) in the location of
interest. If IST,market < IST,gen, ST is the lower cost process heat or carbon abatement technology, in Eq.
(47).
A nomogram (Figure 5.8) is created to summarize the entire methodology and determine the maximum
IST,gen under all possible conditions for ST to remain the lower cost heat and carbon abatement technology
inf
(when IST,market < IST,gen). The use of the nomograms is as follows for an LCOH comparison when Cel
is
inf
3%. Other nomograms for various LCOH, LCAC, and Cel
cases are located in Appendices 10.7 and
10.8.
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𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
1. Determine the 𝐼𝐶𝑅𝑔𝑒𝑛
in the upper right box

•

𝑆𝑇
Draw a line from the top X-axis (e.g. 𝑞𝑠𝑜𝑙
: 700 kWh/m2ap·a) to meet the known COP (3.5),
indicated with the red lines, its intersection labeled “A”

2. Apply the Cel,market in the upper left box
•

𝑆𝑇
Continue the line from the 𝑞𝑠𝑜𝑙
and COP intersection (“A”) and move left until the intersection
with the green line that indicates the known grid electricity cost, Cel,market: 0.15 €/kWh, its
intersection labeled “B”

′
3. Determine 𝐹𝑆𝑇,𝐻𝑃
in the lower right box

•

Calculate F1 and F2 with known values of IHP (500 €/kWth), FLH (1500 h/a), COP (3.5), and
Cel,market (0.15 €/kWh) from Table 5.7

•

Draw a line from the bottom X-axis (F1: 0.333) to meet the known F2: 23.333, indicated with
the blue lines, its intersection labeled “C”

4. Determine IST,gen in the lower left box
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•

Draw a line down from intersection point “B” and left from intersection point “C” until they
intersect each other

•

This point, highlighted with the red circle, lies on black diagonal lines which indicate the IST,gen
result, in this case IST,gen: 553 €/m2ap

F2:
COP/Cel,market

1.75

2

COP

1.5
1.25
1
0.75
F1 :IHP / FLH
HP 

B

Cel,market (€/kWh)

ST 

400

0.25

C

0.5

A

600

(kWh/m2ap·a)
1000
800
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Figure 5.8 A nomogram tool to calculate the IST,gen from plant parameter inputs, assuming a 3% electricity cost inflation rate
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The developed nomogram presents a useful tool to quickly determine the maximum specific investment
for ST to be economically competitive against a HP within the used parameters. In the final decision
box located in the bottom left, two boxes are displayed in the corners, indicating which technology is
the clear and obvious choice in a specific geographical region. ST will always be chosen when the
derived IST,gen is greater than 1200 €/m2ap and HP when the IST,gen is below 200 €/m2ap, due to current and
probable future market technology costs (Section 4.4.2 and 5.2.1.2, respectively). Between these two
values are black lines, indicating the IST,gen used to compare against IST,market to reach a technology
decision in Eq. (47).
The nomogram clearly shows the factors influencing technology selection. When the electricity cost
(Cel,market), located in the upper left box, increases from 0.05 to 0.20 €/kWh, it shifts the intersection point
(point B) right, increasing the IST,gen value and making HPs less competitive (higher IST,gen). The same
𝑆𝑇
holds true for the solar yield (𝑞𝑠𝑜𝑙
) in the upper right box, which, when increased (assuming a constant
COP), also shifts its intersection point (point A) right, thus inducing point B to shift as well, finally
′
increasing IST,gen (red dot). The contrary is true when the COP increases. The correction factor (𝐹𝑆𝑇,𝐻𝑃
)

is slightly counterintuitive, seen in the lower right box. For F1, the relationship is clear, as when the HP
investment increases (IHP > 200 €/kWth) and the HP operates fewer hours (FLH < 8760 h/a) compared
to the ideal case, F1 increases and the blue lines trend positive, moving point C upwards. This shifts the
IST,gen in a positive direction as the HP generated process heat is more expensive. For F2, the case is the
opposite. As COP increases and Cel,market decreases (larger F2 value), HPs become more competitive
leading to a decrease in IST,gen, but the opposite is depicted. However, since the COP and Cel,market terms
are already used earlier in the nomogram and their values are fixed, only one F2 isoline can be used and
serves as it was denoted, as a correction factor from the assumptions made when first calculating
𝐻𝑃,𝑖𝑑𝑒𝑎𝑙
𝐼𝐶𝑅𝑔𝑒𝑛
. This subsequently shifts the IST,gen intersection point (red dot) to minimize error when

employing the linear regression models (Eq. (56), Table 5.6, and Figure 5.4). While counterintuitive for
F2, the overall methodology is successful in predicting IST,local with an RMSE between 2..4%.
Nomograms for all LCOH and LCAC cases are found in Appendices 10.7 and 10.8, respectively.

5.3.5 Use of photovoltaics as a heat pump electricity source
Instead of using grid electricity, whose future cost and carbon footprint are unknown, a HP can utilize
renewable electricity from a local PV power plant, essentially “buying” PV electricity at its locally
generated price. This is one way to generate renewable and zero carbon heat, with the other discussed
in Chapter 6 (a loosely coupled PV and HP process heat plant). The levelized cost of electricity (LCOE)
generated by a local PV plant is calculated using the right-hand side of Equation (30) and parameters
(Table 4.1) found in Section 4.2.1. This cost is only for local generation and self-consumption and does
𝑃𝑉
not include taxes or other externalities. The estimated solar PV yield (𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
) is calculated in Equation
(26) as a function of annual solar irradiation and site latitude, shown in Figure 3.13. The LCOE (Y-axis),
or Cel,market is quickly determined by knowing the turn-key PV investment (electricity generation only)
shown in the contour lines and the estimated solar PV yield along the X-axis, using Figure 5.9. Once
calculated, the Cel,market can be used in a nomogram similar to Figure 5.8 when the inflation rate of
𝑖𝑛𝑓

electricity (𝐶𝑒𝑙 ) is zero, located in Appendix 10.7.
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Cel,market

(€/kWhel)

IPV (€/Wp,el)

𝑃𝑉
𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
(kWhel/kWp,el)
Figure 5.9 A nomogram to calculate the market cost of on-site PV generated electricity, when the PV annual yield and specific
investment are known

5.4 Case studies
To indicate the current status of low carbon industrial process heat, this section applies the comparison
methodology developed in Section 5.2 and displayed in Section 5.3 to a number of possible cases. It
focuses on three European cities of interest (Stockholm [Sweden], Würzburg [Germany], and Seville
[Spain]), which vary in terms of annual solar irradiation, average industrial electricity prices, and carbon
ratios. These cities are used to demonstrate the functionality of the described methodology to determine
the maximum specific investment for ST (IST,gen) based on the levelized cost of heat (LCOH, Section
5.4.1) or abated carbon (LCAC, Section 5.4.2) to remain the more economical process heat technology.
The case studies are only valid for the current conditions in 2018. The results will change in the coming
decades as national electricity prices and carbon emissions change due to a variety of factors, such as
increased national grid integration and renewable electricity installations. Therefore, one must
implement the methodology with the most current values available to guarantee an accurate technology
comparison in the future.

5.4.1 Heat generation case study
A wide range of potential parameter values are possible, but averages are used to display typical results
𝑆𝑇
expected in industry. The ST specific yield (𝑞𝑠𝑜𝑙
) is set at 900, 500, and 400 kWh/(m2ap·a) for Seville,
Würzburg, and Stockholm respectively, estimated using the methodology explained in Section 3.5 and
nomograms in Appendix 10.4. The required electricity costs for the HP (Cel,market) are determined from
Eurostat [229] at 0.11, 0.14, and 0.06 €/kWh for each country respectively, shown in Figure 5.10. The
electricity price inflation is assumed to be zero. The parameters for COP and IHP are varied in two plots.
The top plot in Figure 5.10 holds the COP constant at 3 while varying IHP between 200 and 600 €/kWth.
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The bottom plot of Figure 5.10 holds IHP constant at 400 €/kWth while varying the COP between 2 and
4. This allows for a visualization of potential IST,gen values, given that these parameters are very industry
specific and sensitive at different HP FLHs. The upper limit of the colored area represents the “ST
favored” case and the lower limit represents the “HP favored” case. An “average case” is also calculated,
when COP: 3 and IHP is 400 €/kWth, indicated by the thicker line bisecting the colored bands. The Xaxis of Figure 5.10 shows number of FLHs that the HP may operate. The Y-axis shows the calculated
IST,gen. Seville is shown in light red, Würzburg in blue, and Stockholm in green. The other colors located
between these cities (purple, dark green) are instances when the results overlap. The regression model
error (Table 5.8) of less than 5% is not included as it is much smaller than the range of IST,gen values for
the various case studies.

LCOH
𝑆𝑇
𝑞𝑠𝑜𝑙

(kWh/m2ap·a)

Cel
(€/kWh)

IST,gen
(€/m2ap)

900
0.11

Seville

500
0.14
400
0.06

Würzburg
Stockholm
COP
(kWth/kWel)

IHP
(€/kWth)

3

600
↓
200

COP
(kWth/kWel)

IHP
(€/kWth)

2
↓
4

400

Figure 5.10 Summary results of the comparison methodology for three city and typical parameter values for both technologies to
generate heat at a lower cost. The HP and ST investments are turn-key.

The results from Figure 5.10 indicate a few key trends, accompanied by numerical IST,gen outcomes for
select cases in Table 5.9. The number of FLHs heavily influences the IST,gen, indicated by its steep
increase, especially in cases less than 2000 hours. This is expected due to the prior sensitivity analysis
shown in Figure 5.5. The case study results indicate high sensitivity to IHP when FLHs are less than 2000
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(top graph, Figure 5.10), noticeable by the wide color band. This is because the majority of the overall
heat cost is attributed to the initial HP capital investment and not the operating cost when FLHs are
minimal. The opposite is true for the bottom graph of Figure 5.10, which shows high COP sensitivity at
high FLHs. In this case the heat cost depends primarily on HP operating parameters and not upfront
capital investment.
At 8000 FLH, or high HP utilization, IST,gen is at its lowest, providing the most competitive climate for
HPs. In this case, ST only makes financial sense in Seville or in other high solar irradiation regions.
From 4000..8000 hours, the IST,gen remains fairly constant. This implies that operating a HP for more
than 4000 hours per year does not make it significantly more competitive against ST. At 2000 FLH, or
medium HP utilization, HPs are the preferred technology in Stockholm (IST,gen: 90..200 €/m2ap), while
ST is more cost effective in Seville (IST,gen: 300..630 €/m2ap). In Würzburg, the choice between both
technologies is highly dependent on the IHP and COP. When FLHs are less than 2000 hours, the IST,gen
sharply increases, clearly making ST the lower cost process heat choice. At low HP utilization (500
FLH), the range of IST,gen is 562..1372 €/m2ap for Seville, 344..822 €/m2ap for Würzburg, and 207..531
€/m2ap for Stockholm, indicating that ST is the lower cost process heat technology in nearly every case.
This case study clearly shows that a flexible methodology is required to quickly estimate IST,gen as the
numerous parameters greatly influence both technology’s feasibility.
Table 5.9 The calculated IST,gen values for various cases often found in industry for the LCOH comparison

COP
Cel,market (€/kWh)
IHP (€/kWth)

FLH
(h/a)

500
1000
2000
4000
8000

Stockholm
3
2
0.06
200 400 600
4

207
129
90
71
61

367
217
141
104
85

531
313
204
150
123

Würzburg
3
2
0.14
200 400
600
IST,gen (€/m2ap)
344 569
822
247 381
550
198 287
414
174 240
346
162 216
312
4

4
200
562
387
299
255
233

Seville
3
2
0.11
400
600
950
611
442
357
315

1372
883
638
516
454

In addition, the cost of electricity greatly influences the calculated IST,gen. Both Stockholm and Würzburg
have similar solar yields (400 and 500 kWh/m2a, respectively), but the cost of electricity is nearly 60%
less in Stockholm. As a result, the calculated IST,gen is also between 40% and 60% lower. In regions with
low cost electricity, the competitiveness of ST is greatly challenged unless a very high solar irradiation
resource is available.
The specific solar yield exhibits its influence on IST,gen, as evident from the Seville results. The yield is
nearly double that of Würzburg and, even though electricity is three cents less expensive per kWh in
Spain (favoring HP), the IST,gen remains 45..65% higher. Renewable process heat plants located in high
solar irradiation regions are typically better suited for ST, unless a HP can operate with a high COP (>
4) for more than half of the year (>4000 FLH) at lower electricity costs (<0.11 €/kWh).
Current specific ST process heat investment (IST,market) varies widely dependent on plant size, difficulty
of integration, and installer expertise, to name just a few influencing factors. For larger (> 500 m2ap)
well-built plants in Germany, an IST,market < 300 €/m2ap is possible for flat plate collectors and < 500
€/m2ap for evacuated tube collectors without subsidy (Figure 4.12). At these investment levels, ST should
not be installed in Stockholm, should only be installed in Würzburg when FLH < 1000, and can be
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installed for most cases in Seville. If subsidies are locally available, the range of ST feasibility increases,
dependent on the level of financial support. The Renewable Heating and Cooling European Technology
Platform has identified an IST,market goal of 250 €/m2ap by 2020. If this were to be consistently achieved,
ST would clearly be the preferred renewable process heat choice in Seville and Würzburg and for some
cases in Stockholm if the turn-key IHP were high and the COP and FLH low.

5.4.2 Carbon abatement case study
A second case study is conducted for the LCAC comparison between the ST and HP. The Carbon Ratios
(CR) are 0.206, 2.06, and 1.26 for Stockholm, Würzburg, and Seville, respectively, assuming an offset
of natural gas for process heat generation using the countries’ average electricity carbon intensity [108].
Stockholm has a very low ratio due to their reliance on hydro and nuclear electricity generation.
Würzburg has the highest CR due to the significant number of coal burning power plants in Germany.
Seville benefits from a large fraction of solar electricity generation in Spain and has a middle value for
the CR. The most sensitive parameter besides the FLHs and CR is the COP, as it directly influences the
quantity of electricity required to generate heat and thus the amount of emitted carbon. For this case
study, the turn-key IHP is held constant at 400 €/kWth while COP varies between 2 and 4. The model
error (Table 5.8) of less than 5% is not included as it is much smaller than the range of IST,gen values for
the various case studies.

LCAC
𝑆𝑇
𝑞𝑠𝑜𝑙

(kWh/m2ap·a)

Cel

IST,gen
(€/m2ap)

(€/kWh)

900
0.11

Seville

500
0.14
400
0.06

Würzburg
Stockholm

COP
(kWth/kWel)

IHP
(€/kWth)

2
↓
4

400

Figure 5.11 Summary results showing the comparison of both technologies to abate carbon at a lower cost. The COP varies between
2 and 4 (color shaded region) with a COP: 3, indicated by the bold middle line respective of color. The turn-key IHP is fixed at 400
€/kWth.

The calculated maximum solar investment (Y-axis) shows similar trends with respect to the HP FLHs
(X-axis) as Figure 5.10. The IST,gen has a peak at 500 hours, a middle value at 2000 hours, and remains
nearly constant between 4000 and 8000 hours (Figure 5.11 and Table 5.10). Stockholm, in green, shows
a clear preference towards lower cost carbon abatement with a HP, supported by both low carbon
electricity generation and electricity prices. Both Würzburg and Seville display rather large and similar
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IST,gen values, indicating that it is less expensive to abate carbon using ST in all but ideal HP scenarios.
The IST,gen sensitivity to COP is clear, shown by the large span of calculated values, because the quantity
of avoided carbon is directly linked to the COP. Therefore, an accurate estimate of COP is crucial when
determining which technology abates carbon at a lower cost.
The reasons for the results are different, seen in Table 5.10. Würzburg has a high electricity carbon
intensity and CR, and it is detrimental to the HP’s carbon abatement ability. In Seville, the ample solar
resource is advantageous for ST and it produces nearly twice as much heat as compared the other cities,
decreasing HP carbon abatement competition. Again, due to the highly sensitive nature of these
calculations and need for trustworthy results, the proposed methodology enables a quick and accurate
comparison to determine the lower cost carbon abatement technology.
Table 5.10 The calculated IST,gen values for various cases often found in industry for the LCAC comparison

COP
Cel,market (€/kWh)
IHP (€/kWth)

FLH
(h/a)

500
1000
2000
4000
8000

Stockholm
3
2
0.06
200 400 600
4

219
137
95
75
65

393
232
151
111
91

581
343
224
164
135

Würzburg
3
2
0.14
200 400
600
IST,gen (€/m2ap)
722 1490 2722
517 996 1820
415 749 1369
364 626 1143
338 564 1030
4

200

Seville
3
0.11
400

600

845
583
452
387
354

1759
1135
822
666
588

3185
2055
1490
1207
1066

4

2

5.5 Summary and conclusion
The need for low cost process heat to reduce industrial carbon emissions is critical to minimizing the
detrimental effects of climate change. Two such technologies, ST and HP, can already provide lower
carbon heat, as evident by the successful implementation of numerous process heat plants around the
world. As the technology matures and more companies decide to reduce their carbon footprints, a clear
and robust methodology is needed to determine which technology provides relatively lower heat and
carbon abatement costs, only using key performance parameters.
This chapter has presented such a methodology using plant turn-key investment and electricity costs,
specific ST yield, COP, and annual HP operating hours as the main inputs. Through subsequent financial
analysis and data modeling, an easy-to-use process and nomograms have been created to determine the
maximum investment for ST to be economically competitive against HPs. This value can be used in two
ways: to compare it to the current market investment of ST process heat plants or as an ST technology
development goal to reduce costs and preserve future competitiveness.
Two case studies have been conducted using the nomogram and modeling results to understand the
current competitive landscape between ST and HP in European cities with different ambient
temperatures, available solar irradiation levels, average industrial electricity cost, and carbon intensities.
Results are split into three main groups, low, medium, and high HP utilization, based on the number of
annual HP operating hours. In the low HP utilization (500 h/a) case, ST is currently the lower cost heat
supplier, except in Stockholm, if a HP plant’s COP is high (4) and technology cost (IHP) is low (200
€/kWth). The opposite is true in high utilization cases (FLH > 4000 h/a), where HPs produce lower cost
heat in nearly all cases except in Seville, when the COP is low (2) and technology cost (IHP) is high (600
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€/kWth). When operating for 2000 hours a year (middle utilization case), HP produced process heat is
the lower cost option in Stockholm and in some cases in Würzburg, while in Seville, ST is the most
cost-effective process heat technology. To abate carbon at a lower cost, ST is the preferred technology
in nearly every case in Würzburg and Seville, while HPs are the better solution in Stockholm. In any
future case study assessment, new values for electricity costs and carbon intensity must be applied to
the methodology as their values will change over time.
It is obvious that the renewable process heat and carbon abatement comparison is extremely case and
parameter dependent. The developed methodology and nomograms serves as a valuable guide to quickly
determine a preferred process heat solution while providing investment targets for both technologies to
remain competitive against the other.
The use of carbon emitting electricity from various sources like natural gas and coal reduces the
effectiveness of HPs to abate carbon. The future costs of fossil fuels are often unknown and are subject
to geopolitical issues. One renewable energy solution to circumvent both is to locally generate carbon
free electricity, namely from PV. The use of PV in conjunction with HPs leads to a true technology
pairing to produce renewable heat from the sun with virtually no carbon footprint, putting it in equal
standing with ST process heat. An extension of the prior comparison methodologies is developed for ST
and photovoltaic powered heat pumps (PVHP), enabling a true comparison of solar based zero carbon
emission renewable industrial process heat.
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6 Solar Thermal and PV Heat Pump Assessment
Results within this section have been published in part in a conference proceedings from the Solar World Congress
in 2017 titled “A Comparative Cost Assessment of Low Carbon Process Heat Between Solar Thermal and Heat
Pumps” by Meyers, et al. 2017 [60].

Solar thermal collectors and photovoltaic powered heat pumps can both generate low temperature
renewable process heat. A robust methodology is developed to determine which technology produces
lower cost heat and the maximum specific plant investment for solar thermal to be the lower cost option.
The comparison methodology is used for a case study analysis to determine which technology produces
lower cost heat under various industrial boundary conditions such as process loads and temperature
profiles, meteorological conditions, and technology investments. Results show that a photovoltaic heat
pump delivers lower cost heat when a heat pump operates more than 4000 hours annually. In a typical
daytime (one shift) five-day work week, solar thermal remains the lower cost process heat technology
if a heat pump has limited access to a heat source and can only operate 500 hours annually. For the same
five-day one shift case without a constrained heat source when a heat pump can operate 2000 hours
annually, solar thermal process heat plants must be built for less than 250 €/m2ap in low irradiation
regions like Copenhagen and less than 525 €/m2ap in high irradiation regions like Chile or North Africa.
For solar thermal to remain a primary renewable heat provider in the future, turn-key plant investments
should consistently be less than 200 €/m2ap. The use of this methodology and the case study results serve
as a cost and performance target for the solar thermal industry to ensure its role in the growing
acceptance of renewable heat for industrial processes.

6.1 Background
Two main technologies can convert solar irradiance to thermal energy; either directly through solar
thermal (ST) collectors or indirectly through photovoltaics (PV) and an electrically powered vapor
compression heat pump (HP). Numerous studies, like the IEA Task 44 [231] and MacSheep [232], have
conducted important research within the domestic sector that compares and utilizes both technologies
for hot water production and space heating. In the industrial sector, where process load profiles,
temperature levels, and plant specific investments are drastically different, very few studies to date have
compared ST and photovoltaic powered heat pump (PVHP) technologies. Pérez-Aparicio et al. [177]
assess renewable process heat technologies including a PVHP under different scenarios and apply
similar methodological approaches to those in Chapters 4 and 5. The study is however very limited in
its flexibility to adapt to different meteorological conditions, process temperatures (only 200 °C was
tested), technology performance, and future costs. In addition, the results are not supported by energetic
simulations. To improve on this prior research, this chapter presents an expansion of the prior Investment
Ratio (IR) methodology in Section 4.2. It incorporates the use of ST and PVHP to determine which
technology produces lower cost renewable process heat for nearly any possible combination of
meteorological, technical, and financial conditions.

6.2 Methodology
This chapter discusses an expansion of the simulation results and methodology from Chapters 3 and 4
by updating the PV simulations to include a heat pump as the electricity-to-heat conversion technology
instead of a resistance heater.

Methodology

6.2.1 Solar simulations and technical basis
A description of the ST design and energetic simulations is detailed in Sections 3.2, 3.3, and 3.4. The
𝑆𝑇
main results quantify of the annual solar specific yield (𝑞𝑠𝑜𝑙
) as a function of annual solar irradiation
(H, Hbn) and the process and ambient temperature differential (Tdiff) that are adaptable based on specific
process load and profile (𝐹ℓ′ ) and vacation (𝐹𝑉′ ) in Eq. (27). Developed nomograms accurately estimate
the annual solar specific yield in Appendices 10.4, 10.5, and 10.6.

The results of the PV simulations and annual specific electricity yields are also discussed in Sections
3.2, 3.3, and 3.4. HP performance and operational characteristics are discussed in Section 5.2.1.2. To
merge these two technologies for comparison purposes, the photovoltaic powered heat pump (PVHP)
plant is defined as a combination of a PV plant installed on a factory’s roof or neighboring field with a
HP connected to an industrial process. The PV plant is also connected to the industry’s internal electrical
grid. When the PV plant generates electricity, it first supplies power to the HP and any deficit or excess
is “bought” from or “sold” to the internal grid at no cost. This means that the existing on-site electrical
infrastructure serves as free exchange mechanism. In this light a HP, with a known annual Coefficient
of Performance (COP in units of kWth/kWel), operates only when needed using “banked” PV generated
𝑃𝑉𝐻𝑃
electricity. The annual thermal energy generated by a PVHP plant (𝑞𝑠𝑜𝑙
) is calculated in Eq. (60), with
𝑃𝑉
the annual specific PV generated electricity denoted 𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
in kWhel/(kWp·a), which is a function of

the local irradiation (H) and latitude (φ), in Eq. (26),

𝑃𝑉𝐻𝑃
𝑞𝑠𝑜𝑙
(

𝑘𝑊ℎ𝑡ℎ
𝑘𝑊ℎ𝑒𝑙
𝑘𝑊𝑡ℎ
𝑃𝑉
) = 𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
(
) · 𝐶𝑂𝑃 (
)
𝑘𝑊𝑝,𝑒𝑙 · 𝑎
𝑘𝑊𝑝,𝑒𝑙 · 𝑎
𝑘𝑊𝑒𝑙

(60)

This model, while not a true PVHP direct-coupled plant as seen in the household sector [233–235],
represents typical industrial conditions. The on-site electrical demand of an industrial consumer is often
beyond the capacity of a rooftop PV plant, meaning that all PV electricity is internally consumed and
not fed into the grid. Secondly, a PV plant would never be directly coupled with a HP because factories
always have an electrical grid connection and operating an electrically isolated HP directly from PV
would require batteries to smooth transient and control HP performance [236]. For both reasons, this
design is not investigated.
The peak power or size of the HP relative to the PV plant is scaled to consume every kWh of the annually
generated PV electricity. This means that the heat is 100% renewable and zero carbon (ignoring the
required carbon to produce the components and refrigerant leakages) and is thus similar to an ST process
𝐻𝑃
heat plant. The specific HP peak thermal power (𝑃𝑝𝑒𝑎𝑘
), relative to the installed PV plant peak power,
𝑃𝑉
is calculated by multiplying the annual solar PV yield (𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
) by a known on-site estimated COP, and

then dividing this quantity by the number of annual full load operating hours (FLH) that the HP operates,
in Eq. (61), in units of Watt thermal (HP) per Watt electric peak (PV). FLH and COP are determined
through knowledge of the industrial process and availability of a fitting heat source, often by conducting
an energy audit. Through this equation, smaller HPs are required when operating more frequently and
larger heat pump when operating less frequently, in order to consume the same annual PV generated
electricity.
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𝐻𝑃
𝑃𝑝𝑒𝑎𝑘
(

𝑘𝑊𝑡ℎ
𝑘𝑊ℎ𝑒𝑙
𝑘𝑊𝑡ℎ
ℎ
𝑃𝑉
) = 𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
(
) · 𝐶𝑂𝑃 (
)⁄𝐹𝐿𝐻 ( )
𝑘𝑊𝑝,𝑒𝑙
𝑘𝑊𝑝,𝑒𝑙 · 𝑎
𝑘𝑊𝑒𝑙
𝑎

(61)

Electrically powered vapor compression HPs are used in this comparison. An increasing number of
industrial grade devices are currently on the market, shown in Table 5.2, with heat generation
capabilities well over 100 °C, capacities greater than 100 kWth, and COPs between 2 and 5, dependent
on the source and sink temperature [52]. If a HP is operating in an integrated fashion, providing both
heating and cooling, the COP discussed in this chapter should be increased by up to 60% to account for
the cooling economic benefit [52].
For this comparative assessment, annual average HP COPs are implemented, taking into account the
small variability due to part-load operation. Through the advent of multiple parallel compressors
[219,220] and variable speed drives [217,237] currently available for industrial HPs, the variability in
COP is quite small through their normal operating range (Section 5.2.1.2). A small buffer tank is also
recommended by HP suppliers to reduce temperature transient in both the HP source and sink process
streams. Due to its relatively small size (15..20 l/kWth) [225], thermal losses are less than 0.5% of the
overall HP generated heat and thus not considered (Table 5.3).

6.2.2 Solar plant investment
Specific ST process heat plant investment (IST in €/m2ap) is the total turn-key price for all components
(collectors, store, pipes, pumps), installation, and process integration, inclusive of any locally available
subsidies or financial support mechanisms. IST varies widely based on technology choice, integration
difficulty, thermal storage size, and installer expertise. Typical IST values can range from less than 250
€/m2ap for 10,000+ m2ap plants in Denmark to over 800 €/m2ap for smaller installations with high quality
collectors. Typical values are between 300..500 €/m2ap for plants larger than 500 m2ap [193–195], (Figure
4.12 and Table 4.5).
Specific PVHP turn-key plant investment (IPVHP in €/Wp,el) is comprised of three factors: the specific PV
field investment (IPV in €/Wp,el), the specific turn-key HP investment (IHP in €/kWth) and the HP peak
𝐻𝑃
thermal power (𝑃𝑝𝑒𝑎𝑘
in kWth/kWp,el) relative to the installed PV peak power, in Eq. (61). The specific

PV investment (IPV) for megawatt scale plants is approximately 1 €/Wp,el [91]. The specific turn-key HP
investment (IHP) is application and technology dependent and ranges between 400 and 800 €/kWth
[51,52,212,223]. The HP contribution to the overall specific PVHP investment is determined by
multiplying the relative HP peak power by the specific HP investment, in Eq. (62).

𝐼𝐻𝑃(𝑃𝑉) (

€
𝑘𝑊𝑡ℎ
€
𝐻𝑃
) = 𝑃𝑝𝑒𝑎𝑘
(
) · 𝐼𝐻𝑃 (
)
𝑊𝑝,𝑒𝑙
𝑘𝑊𝑝,𝑒𝑙
𝑘𝑊𝑡ℎ

(62)

Subsequently, the overall specific PVHP investment per Watt peak (electric) of the PV field is shown
in Eq. (63) by adding the specific investment of the HP (𝐼𝐻𝑃(𝑃𝑉) ) and the PV field (IPV) together.

𝐼𝑃𝑉𝐻𝑃 (

€
€
€
) = 𝐼𝐻𝑃(𝑃𝑉) (
) + 𝐼𝑃𝑉 (
)
𝑊𝑝,𝑒𝑙
𝑊𝑝,𝑒𝑙
𝑊𝑝,𝑒𝑙

(63)
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𝐻𝑃
Example values of relative HP peak power (𝑃𝑝𝑒𝑎𝑘
) and overall PVHP investment (𝐼𝑃𝑉𝐻𝑃 ) for various

cases are shown in Table 6.1, indicating the strong sensitivity to FLH.
Table 6.1 Example calculation to determine the overall PVHP investment in relation to the installed PV power
𝑝𝑣

𝑒𝑠𝑜𝑙
(kWhel/kWp,el)
1000
1250
1500

COP
(kWth/kWel)
2
3
4

FLH
(h/a)
4000
2000
1000

𝐻𝑃
𝑃𝑝𝑒𝑎𝑘
(kWth/kWp,el)
0.5
1.87
6

IHP
(€/kWth)
400
400
400

𝐼𝐻𝑃(𝑃𝑉)
(€/Wp,el)
0.2
0.75
2.4

IPV
(€/Wp,el)
1.25
1.25
1.25

IPVHP
(€/Wp,el)
1.45
2
3.65

6.2.3 Economic assessment
𝑆𝑇,𝐼𝐿𝐶
𝑃𝑉
The simulation database (𝑞𝑠𝑜𝑙
and 𝑒𝑠𝑜𝑙
) for the infinite load cases (ILC) from Section 3.5 is the

primary input for the LCOH equivalency comparison and Investment Ratio (IR) calculation
methodology. This is the same process as in Section 4.2 that sets the LCOH of both ST and PV process
heat plants equal to each other and iterates the specific ST plant investment (IST) until heat cost equality
is reached. In this assessment, four COP values for the HP (2, 3, 4, and 5) are used for every matching
𝐼𝐿𝐶
ST and PV simulation comparison. This produces four different 𝐼𝑅𝑔𝑒𝑛
calculations and subsequent
multiple linear regression model coefficients in Eq. (37).
𝑃𝑉
𝑃𝑉𝐻𝑃
The LCOHPV equation requires minor notation updates in Eq. (30) [IPV to IPVHP, 𝑞𝑠𝑜𝑙
to 𝑞𝑠𝑜𝑙
, OMPV to
OMPVHP], as does the IR calculation in Eq. (31) [IR = IST / IPVHP]. The LCOH financial model parameters
remain the same (Table 4.1), except for OMPVHP, which is increased to 1.75% [168,228]) to
accommodate the larger HP maintenance effort. The iterative procedure to calculate IR and the multiple
linear regression analysis (Section 4.3.2) to estimate IRgen based on solar irradiation (H) and differential
𝐼𝐿𝐶
temperature (Tdiff) remains the same with the new financial parameters. The investment ratio (𝐼𝑅𝑔𝑒𝑛
) is

also subject to the same ST correction factors for the fitting daily specific process load and profile (𝐹ℓ′ )
and vacation (𝐹𝑉′ ) that is discussed in Section 3.4.3. PV correction factors are not required because the
HP is sized (via FLH) to consume all generated electrical energy, allowing PV to always operate in an
“infinite” case.

6.3 Results
Section 6.3.1 discusses the multiple linear regression equation parameters for the Investment Ratio (IR)
calculations. Section 6.3.2 provides a short example of how to use the methodology, with a focus on the
CPC collector.

6.3.1 Investment Ratio
The generalized form of the ILC Investment Ratio is explained in Eq. (37) for four non-concentrating
collectors as a function of annual solar irradiation (H) and differential between mean process and annual
mean daytime temperature (Tdiff). New model parameters for the comparison of ST and PVHP are given
in Table 6.2. The model parameters as a function of COP are linearly related to the inverse of its value.
𝐼𝐿𝐶
As such, the model parameters are “normalized” by the COP and is IR is renamed 𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚
, in Eq.
(64).
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𝐼𝐿𝐶
𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚
(

2
€⁄𝑚𝑎𝑝
) = 𝜃0 + 𝜃1 ∙ 𝐻 + 𝜃2 ∙ √𝑇𝑑𝑖𝑓𝑓 + 𝜃3 ∙ 𝐻 ∙ 𝑇𝑑𝑖𝑓𝑓
€⁄𝑊𝑝,𝑒𝑙

(64)

To calculate IST,gen, inclusive of the process load and profile (𝐹ℓ′ ) and vacation correction factors (𝐹𝑉′ ),
𝐼𝐿𝐶
the 𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚
is divided by the desired COP, shown in Eq. (65). This is similar to Eq. (42) for the ST

and PV process heat comparison methodology in Chapter 4. Graphical tools to estimate 𝐹ℓ′ and 𝐹𝑉′ are
found in Appendices 10.5 and 10.6.

2
𝐼𝑆𝑇,𝑔𝑒𝑛 (€⁄𝑚𝑎𝑝
) = 𝐼𝑃𝑉𝐻𝑃 ∙

𝐼𝐿𝐶
𝐼𝑅𝑔𝑒𝑛.𝑛𝑜𝑟𝑚
∙ 𝐹ℓ′ ∙ 𝐹𝑉′
𝐶𝑂𝑃

(65)

The regression parameters are very similar to those for the ST and PV process heat comparison
methodology (Table 4.2), due to their normalization by the HP COP. This effectively shifts the COP to
one and becomes an electrical resistance heater. The parameters are not exactly the same due to a larger
OMPVHP parameter used in the LCOH calculation.
Table 6.2 Parameters of the COP normalized IR regression for the ST and PVHP analysis

θ0
θ1
θ2
θ3
R2adj
RMSE

𝑰𝑹𝑰𝑳𝑪
𝒈𝒆𝒏,𝒏𝒐𝒓𝒎
FPC
1251
0.1032
-131
2.39e-04
0.987
3.94%

2
(€⁄𝑚𝑎𝑝
)⁄(€⁄𝑊𝑝,𝑒𝑙 )
FDG
ETC
1232
1128
0.0787
0.0818
-114
-96
5.94e-04 5.74e-04
0.989
0.986
3.45%
3.15%

CPC
1064
0.065
-83
5.29e-04
0.983
2.71%

A plot of the regression analysis is shown in Figure 6.1 for a CPC collector. The X-axis shows the site
and process dependent Tdiff, (TP,m – Tamb,day). The Y-axis shows the resulting normalized Investment Ratio
𝐼𝐿𝐶
(𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚
). The parallel lines within the graph represent various levels of the annual global horizontal
𝐼𝐿𝐶
irradiation (H). The 𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚
is quickly calculated by finding the intersection point of a known Tdiff
𝐼𝐿𝐶
(e.g. 65 °C) and H (e.g. 1250 kWh/m2a). The value indicated on Y-axis at this point is the 𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚
,

525 (€/m2ap)/(€/Wp,el) in this case.
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CPC

(€/m2ap)/(€/Wp)

H
(kWh/m2a)

Tdiff (°C)
Figure 6.1 The results of a regression analysis that depict the IR as a function of Tdiff and H for a CPC collector under an infinite load
case when comparing ST and PVHP

Figure 6.1 shows that the IR increases as a function of global solar irradiation (H) and decreases due to
a higher temperature difference between the process and ambient conditions (Tdiff). This is expected, as
this trend is in agreement with the solar collector efficiency equation [134] and similar to the results in
Figure 4.5 due to the critical irradiance issue (Section 4.3.3). The performance of a PVHP plant (or PV
more specifically) is only slightly negatively influenced by higher ambient temperatures (i.e. increasing
𝐼𝐿𝐶
𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚
).
The IR regression and results of the ST and PV comparison methodology are very similar to the ST and
PVHP, especially when normalized by the COP. The PV plant benefits from the use of the HP, which
essentially provides a heat multiplier as compared to an electrical heater. Its heat multiplier is not free
because the investment and respective size of the HP to convert the electricity to heat has a large
influence on the overall economic competitiveness. A demonstration of this methodology is shown in
the following section, showing the impact of the HP size and investment on the overall competitiveness
of a PVHP plant.

108

Chapter 6: Solar Thermal and PV Heat Pump Assessment

6.3.2 Methodology demonstration
To demonstrate the use of the methodology, a step by step guide is provided:
1 - Determine known process parameters through an energy audit, for example:
•

Local meteorological conditions: H: 1250 kWh/m2a, Tamb,day: 15 °C, φ: 40°

•

Industrial process and load profile/schedule: 70..90 °C (TP,m: 80 °C), ℓ7𝐶

•

Tdiff : TP,m - Tamb,day : 65 °C

•

Heat Source (Waste Heat): Available 2000 hours per year (FLH: 2000 h/a)

•

Estimated PV and HP parameters: IPV : 1.1 €/Wp,el, COP: 3 and IHP: 500 €/kWth

2 - Use Figure 6.1, Eq. (64), or Appendix 10.9 with parameters from Table 6.2 to calculate the
𝐼𝐿𝐶
Investment Ratio (𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚
) with inputs of H and Tdiff
•

𝐼𝐿𝐶
𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚
= 525 in (€/m2ap)/(€/Wp,el)

3 - Use Figures in Appendix 10.5 to estimate a Correction Factor (𝐹ℓ′ ) with Tdiff and the known process
load profile (ℓ7𝐶 ), with no vacation
•

𝐹ℓ′ ≈ 0.90

𝑃𝑉
4- Use Figure 3.13 or Eq. (26) with parameters from Table 3.8 to calculate 𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
with from H and φ

•

𝑃𝑉
𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
= 1133 kWhel/kWpel

5- Use Eq. (61), (62), and (63) to calculate 𝐼𝑃𝑉𝐻𝑃,𝑚𝑎𝑟𝑘𝑒𝑡
•

𝐻𝑃
HP Size: 𝑃𝑝𝑒𝑎𝑘
(𝑘𝑊𝑡ℎ ⁄𝑘𝑊𝑝,𝑒𝑙 ) = 1133·3/2000 = 1.7 kWth/kWp,el in Eq.(61)

•

HP Investment: 𝐼𝐻𝑃(𝑃𝑉) (€⁄𝑊𝑝,𝑒𝑙 ) = 1.7 · 500 = 0.86 €/Wp,el in Eq. (62)

•

𝐼𝑃𝑉𝐻𝑃,𝑚𝑎𝑟𝑘𝑒𝑡 (€⁄𝑊𝑝,𝑒𝑙 ) = 𝐼𝐻𝑃(𝑃𝑉) + 𝐼𝑃𝑉 = 0.86 + 1.1 = 1.96 €/Wp,el in Eq. (63)

6- Use Eq. (65) to determine the maximum ST Investment, 𝐼𝑆𝑇,𝑔𝑒𝑛
•

𝐼𝑆𝑇,𝑔𝑒𝑛 = 𝐼𝑃𝑉𝐻𝑃,𝑚𝑎𝑟𝑘𝑒𝑡 ·

𝐼𝐿𝐶
𝐼𝑅𝑔
𝑛,𝑛𝑜𝑟𝑚

𝐶𝑂𝑃

· 𝐹ℓ′ = 1.96·(525/3)·0.9 = 308 €/m2ap

When an ST process heat plant can be built turn-key at this site (𝐼𝑆𝑇,𝑚𝑎𝑟𝑘𝑒𝑡 ) for less than 308 €/m2ap, ST
is the lower cost renewable heat technology, in Eq. (32).

6.4 Case study
Using the described methodology in this chapter and the stepwise procedure highlighted in Section 6.3,
a case study calculates and shows the maximum IST,gen under numerous conditions for an industrial
process requiring a process to be heated from 60..90 °C with a CPC collector.
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6.4.1 Boundary conditions
Three site locations are selected that have different levels of annual solar irradiation and ambient
temperature. The “High” case has an H: 2400 kWh/m2a and Tamb,day: 29 °C (Dongola), the “Mid” case
has an H: 1600 kWh/m2a and Tamb,day: 19.5 °C (Sydney), and the “Low” case has an H: 1000 kWh/m2a
and Tamb,day: 10.5 °C (Copenhagen). By implementing this wide range of meteorological parameters, a
band of nearly all feasible IST,gen is determined.
Three process load profiles represent a range of potential IST,gen. The first case, denoted in green, is a
constant load profile, requiring heat seven days a week for three shifts (ℓ7𝐶 ), during which a HP can
operate continuously at 8000 annual full load hours (FLH). The correction factor (𝐹ℓ′ ) is estimated to be
0.90. The second case, denoted in blue, is a typical weekly operating process (5 days) for only one
daytime 8-hour long shift (ℓ5𝐷 ), during which a HP can operate approximately 2000 hours per year. The
third case, in red, is the same as the second, except the heat source for the HP is limited and can only
operate 500 hours per year. The correction factor (𝐹ℓ′ ) is estimated to be 0.80 for both the second and
third case (Appendix 10.5).
The HP FLHs are the most sensitive parameter to the overall economic comparison and therefore given
priority (three separate scenarios). The turn-key HP investment (IHP) is the next most sensitive
parameter, ranging from a pessimistic 800 €/kWth to a future looking 200 €/kWth. For the remaining
required parameters, the IPV and COP are fixed at 1.25 €/Wp,el and 3 respectively, representing current
conservative values are that linearly correlated and do not greatly influence the overall calculation of
IST,gen as compared to the FLH and site dependent solar irradiation (H).

6.4.2 Results
The case study results are displayed in Figure 6.2. The X-axis represents the range of pessimistic to
optimistic IHP values from left to right. Three process load cases are represented by their noted colors
(Green: constant 7-day, Blue: daytime 5-day, Red: daytime 5-day, limited heat source). The three site
locations are identified by their location within each color band. The “High” case is always located on
the upper edge (Dongola), the “Low” case on the lower edge (Copenhagen), and the “Mid” case is
appropriately in the middle (Sydney). The model error (Table 6.2) of less than 4% is not included as it
is much smaller than the range of IST,gen values for the various case studies.
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IST,gen (€/m2ap)
CPC Collector – 60..90 °C Heating Process
FLH
Daytime – 5 Day
Limited Heat Source

𝐹ℓ′

500

0.8

Daytime – 5 Day

2000

0.8

Constant – 7 Day

8000

0.9

IPV (€/Wp,el) : 1.25

800

700

600

500

400

300

COP : 3

200

IHP (€/kWth)
Figure 6.2 The case study results, illustrating the span of potential IST,gen values for numerous process inputs and the turn-key HP
investment when comparing ST and PVHP

Figure 6.2 shows clear trends which immediately elucidate the sensitivity of certain parameters on IST,gen.
As the IHP decreases from pessimistic to optimistic along the X-axis, IST,gen reduces significantly, thereby
increasing the competitiveness of PVHP. The IST,gen reductions are not identical between the three cases.
The IHP has a greater influence on overall IPVHP in Eq. (63) at lower FLHs due to the larger dimensioned
HP required to offtake all PV generated electricity (Eq. (61) and (62)), shown in the slope of the three
cases, with the steepest (most sensitive) in red (FLH: 500 h/a) and shallowest (least sensitive) in green
(FLH: 8000 h/a). The range of IST,gen between the “High” and “Low” cases is different (red and green)
for a specific IHP. For instance, at an IHP: 500 €/kWth, IST,gen is 200..328 €/m2ap (± 25% from the median)
when FLH: 8000 (h/a) and IST,gen is 530..1326 €/m2ap (± 43% from the median) when FLH: 500 (h/a).
𝐼𝐿𝐶
This is primarily due to the difference in 𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚
between the “High” and “Low” cases, shown in
Table 6.3, that increases the upper limit to a larger degree (greater IR) than the lower limit due to its
larger value. An expanded table is found in Appendix 10.10.
Table 6.3 A comparison of four cases on the influence of HP FLHs on IST,gen in the ST and PVHP assessment

FLH (h/a)
𝑃𝑉
𝑒𝑠𝑜𝑙,𝑔𝑒𝑛
(kWh/kWp,el)
𝐼𝐿𝐶
𝐼𝑅𝑔𝑒𝑛,𝑛𝑜𝑟𝑚 (€/m2ap)/(€/Wp,el)
𝐻𝑃
𝑃𝑝𝑒𝑎𝑘
(kWth/kWp,el)
𝐼𝐻𝑃(𝑃𝑉) (€/Wp,el)
𝐼𝑃𝑉𝐻𝑃 (€/Wp,el)
𝐼𝐻𝑃(𝑃𝑉) ⁄𝐼𝑃𝑉𝐻𝑃
𝐼𝑆𝑇,𝑔𝑒𝑛 (€/m2ap)

Copenhagen (Low)
500
8000
1018
462
6.11
0.38
3.05
0.19
4.30
1.44
71%
13%
530
200

Dongola (High)
500
8000
2068
667
12.41
0.78
6.20
0.39
7.45
1.64
83%
24%
1326
328

Eq.(26)
Eq.(64)
Eq.(61)
Eq.(62)
Eq.(63)
Eq.(65)

The PVHP plant is most competitive against ST (lowest IST,gen) during a constant profile (ℓ7𝐶 ) when a HP
can operate for nearly the whole year, shown in green at the bottom of Figure 6.2. In turn, the PVHP is
least competitive (highest IST,gen) during a daytime 5-day load (ℓ5𝐷 ) with limited heat pump operation
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(FLH: 500 h/a), shown in red at the top of Figure 6.2. This is also due to the higher capital investment
for lower FLH PVHP plants, in Table 6.3. Site location, or more specifically, the greater available solar
irradiation and ambient temperature, positively influences IST,gen, (due to Gcrit, Section 4.3.3) making ST
more competitive when installed in higher irradiation and warmer regions. This effect is most prominent
in low HP FLH scenarios (in red), for the same higher capital investment reason. The area above an
IST,gen of 1000 €/m2ap should be of little interest because any well-built ST process heat plant can be
realized for less, making any result above this value automatically in favor of ST. To focus on IST,gen
values less than 1000 €/m2ap, Figure 6.2 is truncated into Figure 6.3 by zooming in the region of interest
on the Y-axis.

IST,gen (€/m2ap)
CPC Collector – 60..90 °C Heating Process
FLH
Daytime – 5 Day
Limited Heat Source

𝐹ℓ′

500

0.8

Daytime – 5 Day

2000

0.8

Constant – 7 Day

8000

0.9

IPV (€/Wp,el) : 1.25

800

700

600

500

400

300

COP : 3

200

IHP (€/kWth)
Figure 6.3 The case study results with a focus on IST,gen values less than 1000 €/m2ap

For the daytime 5-day (ℓ5𝐷 ) case with a limited heat source (red) in Figure 6.3, the calculated IST,gen
remains above 400 €/m2ap for nearly every case, meaning that a well-built ST process heat plant is the
lower cost technology both now and in the future (when FLHs are minimal). The opposite case, a
constant 7-day load profile (ℓ7𝐶 ) with a HP operating 8000 hours a year (green), indicates that for most
situations, a PVHP is the lower cost heat technology as IST,gen must be below 300 €/m2ap. ST can be only
competitive in this case when the IHP is high while being in regions of very high solar irradiation. In the
final case of daytime 5-day load (blue), both technologies can potentially produce lower cost heat and
is very sensitive to their boundary conditions. At current average PVHP technology investments (IPV:
1.25 €/Wp,el, IHP: 500 €/kWth) with a reasonable COP of 3, IST,gen varies between 270 €/m2ap to 575 €/m2ap
from the low to high solar irradiation and ambient temperature locations. This range is directly in-line
with the current IST,market [193–195], showing that the comparison between the two technologies is equal,
highly dependent on the cost effectiveness of a turn-key ST process heat plant. In the future, if PV and
HP investments continue to reduce while HP performance increases, ST must similarly reduce
investments below 200 €/m2ap to remain the clear technology leader in the majority of industrial cases.
A summary of selected results is shown in Table 6.4 by applying the methodology described in this
chapter to more collectors, process temperature ranges, and technology investments. If an ST process
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heat plant can be built for less (IST,market) than the values indicated, ST remains the technology of choice.
The parameters on the left side of the table indicate the ST collector type, the respective industrial
process return and flow temperatures (TP,return and TP,flow), and the location of simulation (from low to
high solar irradiation and ambient temperature). The parameters on the bottom show the process load
and correction factors, HP operating conditions, and HP and PV specific turn-key investments. The IST,gen
values in the center of the table are shaded according to probable technology feasibility. All IST,gen values
with a white background are less than 200 €/m2ap, indicating an area where a PVHP plant is most likely
remain the lower cost technology. A light grey background indicates values between 200 and 400 €/m2ap,
a range where both technologies could provide lower cost heat, dependent on the turn-key ST
investment. The dark grey background denotes values greater than 400 €/m2ap, signaling that ST
produces lower cost renewable process heat. The model error (Table 6.2) of less than 4% is not included
but has little influence in the final technology selection because there is greater uncertainty in the current
IST,market.
Table 6.4 Summary results of the ST and PVHP comparison. The white colored boxes indicate lower cost PVHP heat and dark grey
lower cost ST heat. The light grey boxes represent cases that both technologies can produce lower cost heat.

IST,gen (€/m2ap)
Copenhagen

89

120

282

133

172

388

223

266

536

Sydney

129

190

493

191

271

674

315

406

910

Dongola

191

320

919

281

450

1249

454

654

1653

Copenhagen

86

116

273

129

167

376

216

257

518

Sydney

120

177

460

178

253

629

294

379

850

FPC
45..75 °C

FDG
60..90 °C

Dongola

172

288

827

253

404

1123

409

588

1487

Copenhagen

80

107

251

119

154

346

199

237

477

Sydney

111

164

424

164

233

579

271

349

783

Dongola

159

265

763

233

373

1036

377

542

1371

Copenhagen

77

103

242

114

148

333

191

228

459

Sydney

105

154

400

155

219

547

256

330

739

Dongola

147

246

707

216

346

961

349

503

1271

ℓ7𝐶

ℓ5𝐷

ℓ5𝐷

ℓ7𝐶

ℓ5𝐷

ℓ5𝐷

ℓ7𝐶

ℓ5𝐷

ℓ5𝐷

ETC
75..105 °C

CPC
90..120 °C

Process Load
𝑭′

0.9

0.8

0.8

0.9

0.8

0.8

0.9

0.8

0.8

FLH

8000

2000

500

8000

2000

500

8000

2000

500

COP

4

3.5

3.0

IHP (€/kWth)

300

400

500

IPV (€/Wp,el)

0.75

1.0

1.5

The results shown in Table 6.4 are in line with the prior example case in Figure 6.2. ST is the clear
technology choice in situations where the HP heat source is constrained (FLH: 500 h/a) and in higher
irradiation regions when the PVHP plant investments are high. A PVHP plant is selected in cases with
high HP operation hours (FLH: 8000 h/a) and COPs, especially with lower technology costs. At a PV
(1 €/Wp,el) and HP (400 €/kWth) turn-key technology investments and a reasonable COP (3.5), ST is the
lower cost renewable heat technology in medium to high irradiation regions under most process load
conditions.
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6.4.3 A comparison of PVHP comparison methodologies
As presented in Section 5.3.5, another comparison methodology, called the ICR methodology, can
determine the maximum IST,gen when a HP is powered through renewable electricity via PV. This is also
considered another renewable heat solution. Using the same inputs noted in Table 6.4 and the Cel,market
(LCOE) calculation for a PV plant in Figure 5.9, the differences in IST,gen (in percent) between the PVHP
methodology discussed in this chapter and the ICR methodology (Chapter 5) are calculated and shown
in Table 6.5.
Table 6.5 The difference in IST,gen when assessing two methodologies comparing ST to PV powered heat pumps. The difference, in
percent, is the methodology discussed in Chapter 6 minus that in Chapter 5.

Copenhagen

11.5

8.6

Difference in IST,gen (%)
5.4 13.6 10.8 7.5 15.9

Sydney
Dongola
Copenhagen
Sydney
Dongola
Copenhagen

8.0
13.9
10.8
7.1
12.8
8.8

4.8
10.4
7.8
4.0
9.4
5.9

2.1
7.9
4.7
1.2
6.9
2.8

10.1
16.2
12.9
9.2
15.1
10.9

7.0
12.7
10.0
6.1
11.6
8.1

4.0
10.0
6.8
3.2
8.9
4.9

12.3
18.6
15.1
11.4
17.5
13.0

9.3
15.1
12.4
8.4
14.0
10.4

6.1
12.2
9.0
5.3
11.1
7.0

Sydney
Dongola
Copenhagen
CPC
Sydney
90..120 °C
Dongola
Process Load
𝑭′

7.0
12.0
10.4
7.1
11.2

3.9
8.5
7.5
4.0
7.7

1.2
6.1
4.4
1.2
5.3

9.1
14.2
12.5
9.2
13.4

6.0
10.7
9.7
6.1
9.9

3.1
8.1
6.4
3.2
7.3

11.3
16.6
14.7
11.4
15.7

8.3
13.1
12.0
8.4
12.3

5.2
10.2
8.6
5.2
9.4

ℓ7𝐶

ℓ5𝐷

ℓ5𝐷

ℓ7𝐶

ℓ5𝐷

ℓ5𝐷

ℓ7𝐶

ℓ5𝐷

ℓ5𝐷

0.9
8000

0.8
2000
4
300
0.75

0.8
500

0.9
8000

0.8
2000
3.5
400
1.0

0.8
500

0.9
8000

0.8
2000
3.0
500
1.5

0.8
500

FPC
45..75 °C
FDG
60..90 °C
ETC
75..105 °C

FLH
COP
IHP (€/kWth)
IPV (€/Wp,el)

13.1

9.7

The results indicate that the PVHP methodology consistently calculates a higher IST,gen than the Chapter
5 ICR methodology because all the values in Table 6.5 are positive. Larger differences occur in cases
when the PVHP parameters are less advantageous (COP: 3, IHP: 500 €/kWth, IPV: 1.5 €/Wp,el) and in near
continuous load cases (FLH: 8000 h/a, ℓ7𝐶 , 𝐹ℓ′ : 0.9). The calculated IST,gen difference between the two
methodologies is due to the difference in technology specific OM for PV and HP. In high FLH cases,
the average operation and maintenance of the PVHP plant is skewed towards the PV value (1% of IPV)
due to its higher relative investment (Table 6.1). Since a constant 1.75% (OMPVHP) is applied, instead of
being closer to 1%, the calculated IST,gen is greater because the model overestimates the OM, making ST
more competitive. This is shown as a positive difference in Table 6.5. This also occurs in lower FLH
cases, though to a lesser degree because the two OM parameters are more similar.
The two methodologies are considered the range of possible IST,gen when comparing ST against PVHPs.
A PVHP plant is most competitive when there is an “infinite” supply of waste heat coupled with constant
industrial heat demand. This allows the HP to be relatively small and have a low specific technology
investment. In contrast, when the HP is over dimensioned to offtake all PV generated electricity during
a short time window (minimal FLHs), the calculated IST,gen is highest, as the specific investment scales
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in accordance to the relatively larger heat pump. The use of both methodologies concurrently allows for
a more thorough understanding of renewable heat investments for different PVHP configurations and
industry conditions.

6.5 Summary and conclusion
The quest for zero carbon industrial process heat often pits ST and PVHPs against one another. While
any technology that reduces carbon emissions is welcome in the fight against climate change, industry
often requires the lower cost path. For the first time, a robust methodology based on numerous technoeconomic simulations is presented that clearly determines the lower cost technology when primary
industrial process and technology parameters are known.
A comprehensive case study analysis is conducted that uses the described methodology to determine the
maximum specific investment for an ST process heat plant to remain economically competitive against
a HP powered with PV generated electricity. The most sensitive parameter is the number of HP
operational hours, which in most cases defined the lower cost process heat technology. In cases when
thermal energy is constantly required with ample waste heat availability, a PVHP plant is the preferred
technology. Contrary to this, if a HP can only operate 1000 hours per year or less, ST is the lower cost
technology in nearly all cases. In between these two cases, when the process load and HP both
require/generate heat for 2000 hours per year at current PV and HP investments, the maximum ST
investment is between 200 €/m2ap in low irradiation climates and 500 €/m2ap in high irradiation climates.
For ST to remain a competitive renewable heat technology and “future proof” itself against others,
installed process heat plants must achieve turn-key investments no greater than 200 €/m2ap to be the
lower cost renewable heat technology in most meteorological and industrial process conditions.
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7 Summary and Conclusion
This dissertation advances the growing body of work dedicated to the integration of low carbon and
renewable process heat for industry. The key contribution is a developed methodology to quickly assess
and determine the lower cost technology (solar thermal, photovoltaics, or heat pumps) to generate
process heat or abate carbon. The methodology is highly novel, able to provide accurate solar yield
estimates and technology comparisons for nearly any site in the world. Only a few key inputs are
required to utilize the methodology and they can be determined through a basic energy audit and
rudimentary knowledge of local meteorological conditions. The application of the methodology
indicates that for solar thermal to remain a preferred technology in the future, turn-key plant investments
should be below 200 €/m2ap in lower solar irradiation regions and 300 €/m2ap in higher solar irradiation
regions. While these investment targets may seem challenging, they are technically feasible. The solar
thermal industry must work together to achieve these targets, ensuring a positive future for not only the
technology, but for humanity.

7.1 Summary and implications of results
The first main objective was to quantify energy consumption and carbon emission benchmarks for the
food and beverage industry in Europe by analyzing energy audits in six countries. Results yielded
recommendations to lower energy use and carbon emissions through the implementation of energy
efficiency and renewable energy measures. The second objective was to determine the realistic
performance of solar thermal and photovoltaic plants to offset the industrial fossil fuel use. Results were
used to create a nomogram-based methodology to quickly and accurately assess specific thermal and
electrical energetic yields under any meteorological or process load condition. The third objective was
to leverage the second objective’s results and create a comparison methodology for three low carbon
process heat technologies (solar thermal, photovoltaics, and heat pumps) to determine which technology
produces heat or abates carbon at a lower cost under various conditions. The fourth and final objective
was to define the current status of low temperature renewable process heat for industrial demand and
determine investment targets for solar thermal technologies to maintain market share, both now and in
the future.
Through the simple and detailed audits conducted to meet the first objective, it was discovered that the
specific energy consumption and carbon emissions required to create food and beverage products was
far from consistent and highly dependent on food product, size of company, industry standards, and
country. On the low end, only 200 kWh/t (both electric and thermal) was required, on average, for the
preparation of fruit and vegetables, while over 800 and 1000 kWh/t (electric and thermal) was needed
in the bakery sector. The beverage, dairy, and meat sectors fell between these two values. Carbon
emissions, highly dependent on the local thermal and electrical generation fuel, were smallest for fruit
and vegetables (0.08 t CO2e/t) and up to 0.43 t CO2e/t for bakeries. To reduce the energy and carbon
intensity, the most frequently recommended energy efficiency measures were process optimization and
heat recovery, namely due to their low payback period. To generate lower carbon energy, solar thermal
and combined heat and power plants were most commonly proposed. Through the recommended
measures, energy and carbon savings were expected to be between 10% and 40%, highly dependent on
company size and industry, with a median of 20 %.

Summary and implications of results

Results from the first objective show that the use of fossil fuels to generate the heat and electricity
required for food preparation is massive, in terms of both financial investment and carbon emissions.
Much can and should be done in the field of energy efficiency, as measures with low and acceptable
payback periods are currently available. To further reduce fossil fuel consumption and carbon emissions,
the implementation of low or zero carbon technologies is required for low temperature process heat.
However, the pathway forward to determine which technology is most cost and carbon effective was
unclear.
The second objective was to determine the realistic performance of solar thermal and photovoltaic plants
for conditions typically seen within industry. To generate industrial process heat, solar thermal can
directly convert solar irradiation to thermal energy, while photovoltaics can produce electricity to either
resistively heat the process or power a vapor compression heat pump. Thousands of simulations were
run for five solar thermal technologies and one photovoltaic technology, from which specific yield
correlations were created as a function of annual solar irradiation and the differential between mean
process temperature and annual mean daytime ambient temperature. To increase the correlations’
accuracy under typical load conditions, correction factors were calculated based on specific process
load, profile, and frequency of vacation.
Annual solar thermal specific yields ranged between 250...1700 kWh/m2ap under infinite load conditions
in low to high solar irradiation regions. Photovoltaic yields ranged between 1000 and 2000 kWh/kWp,el.
Higher process temperatures reduced specific yields for solar thermal process heat plants but did not for
photovoltaic resistance process heat plants. Specific yield reductions were noted for both solar thermal
and photovoltaic resistance process heat plants when operating under practical or typical process load
conditions due to higher collector temperatures and storage thermal losses. Photovoltaic resistance heat
specific yields were less negatively affected due to resistance heating’s temperature independent
efficiency. Correction factors were calculated that accounted for these yield reductions, typically
between 5% and 30%, and highly dependent on the daily specific process load, number of operational
days, and differential temperature between the process and ambient. If a facility underwent a shutdown
due to vacation or plant maintenance, solar thermal and photovoltaic specific yield reductions were
shown to be dependent on its date and duration. Fewer yield reductions were seen in winter as compared
to summer, especially in lower irradiation regions. Graphical tools were created from these correlations
to calculate the solar thermal or photovoltaic specific yield in minimal time, enabling their use by project
planners, installers, and factory owners to determine potential energy savings. For the first time, a truly
universal methodology has been created to determine solar energetic yield for industrial consumers.
The simulation results from the second objective were instrumental in completing the third objective:
the creation of a robust economic and carbon comparison methodology that determined the lower cost
renewable process heat technology and establishes a maximum solar thermal specific investment. The
methodology was highly robust for nearly any meteorological and process condition while being plant
size, currency, and time independent. A term called the “Investment or Investment-Cost Ratio” was
coined that symbolizes a point when energy and carbon costs of two competing technologies were equal.
Inputs for this methodology are easily acquired through a typical industrial energy audit, allowing for a
quick determination of the lower cost process heat technology through the created nomograms. Typical
Investment Ratio values for the solar thermal and photovoltaic resistance process heat comparison were
between 200 and 800 (€/m2ap)/(€/Wp), highly dependent on solar thermal collector technology, process
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temperature, and annual solar irradiation. Once the Investment Ratio was determined, it was multiplied
by a specific photovoltaic resistance process heat plant investment in €/Wp,el to determine the maximum
specific solar thermal investment in €/m2ap. If a solar thermal process heat plant can be built for less than
this calculated value, it is the lower cost renewable heat technology. The Investment Cost Ratio
compared solar thermal and grid powered heat pumps, and its values were typically between 2 and 10
(€/m2ap)/(€/MWh) for both the energy generation and carbon abatement comparison. Similarly, the
maximum specific solar thermal investment in €/m2ap was determined by multiplying the Investment
Cost Ratio by the factory’s electricity cost in €/MWh. The Investment Ratio was smaller for the
comparison between solar thermal and photovoltaic powered heat pump, generally between 50 and 300
(€/m2ap)/(€/Wp,el). The maximum solar thermal investment was determined by multiplying the
Investment Ratio by the specific photovoltaic and heat pump combined investment in €/Wp,el. Step-bystep nomograms were created to enable the simple application of the described methodologies.
Using the robust methodologies derived from the third objective, the last objective was completed: a
current and future competitiveness assessment of different renewable heat technologies for low
temperature industrial processes. Solar thermal remains the preferred technology choice at current
technology costs when compared to photovoltaic resistance process heat, except for high temperature
applications (>100 °C) in low solar irradiation regions. In the future, when turn-key photovoltaic
resistance process heat plant investments are predicted to be at or below 0.75 €/Wp,el, solar thermal
process heat plants must be built below a turn-key investment of 250 €/m2ap in low (900..1100 kWh/m2a),
300 €/m2ap in medium (1400..1600 kWh/m2a) and 400 €/m2ap in high (>2000 kWh/m2a) irradiation
regions to remain competitive.
Solar thermal is the preferred technology for lower cost process heat in medium and high irradiation
regions when a grid powered heat pump cannot operate for more than 1000 full load hours per year.
Contrarily, heat pumps produce lower cost process heat when they can operate for more than 4000 full
load hours per year in most solar irradiation regions. In the median case, when a heat pump operates for
2000 full load hours per year, solar thermal is the more economical technology if its turn-key investment
is less than 400 €/m2ap but this is highly dependent on annual irradiation. The most sensitive parameter
for the comparison between solar thermal and grid powered heat pumps is the number of annual full
load operating hours for said heat pump. As such, great care must be taken to determine an accurate
value to ensure a valuable and honest comparison.
In Sweden, due to low electricity prices and solar irradiation, heat pumps are almost always the lower
cost heat technology because solar thermal must be installed turn-key for less than 200 €/m2ap. In
Germany and Spain, solar thermal has a clear future for lower cost heat generation if a heat pump cannot
operate for more than 1000 hours per year. To abate carbon, heat pumps are preferred in Sweden due to
high levels of renewable and low carbon electricity. Solar thermal is the lower cost carbon abatement
option in Germany and Spain because plants must, and currently can, be built for less than 500 €/m2ap.
Solar thermal remains the lower cost carbon abatement technology in most regions until there is
significant and low cost renewable electricity incorporation into national and international grids.
In the final assessment between solar thermal and photovoltaic powered heat pumps, solar thermal is
again the clear choice when heat pumps cannot operate for more than 1000 full load hours per year in
all regions. Solar thermal remains the technology of choice if turn-key investments are reduced to at
least 250 €/m2ap. Photovoltaic powered heat pumps are the lower cost renewable heat technology in low
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and medium irradiation climates when operating for more than 2000 hours per year and if individual
technology turn-key investments are less than 1 €/Wp,el and 400 €/kWth, respectively. High irradiation
regions still benefit from lower cost solar thermal process heat, assuming future photovoltaic and heat
pump investments do not reduce below 0.75 €/Wp,el and 300 €/kWth, respectively.
The presented results are very case dependent for every economic comparison. The use of the developed
methodologies is required for an accurate industrial process and location specific comparison of
renewable and low carbon process heat plants that serves as a guideline for project developers, installers,
and industry. One result is clear and ever-present. The solar thermal industry must continually reduce
turn-key plant investments to levels at or below 200 €/m2ap in lower solar irradiation regions and 300
€/m2ap in higher solar irradiation regions. If the industry can, solar thermal will remain a viable lower
cost renewable heat and carbon abating technology for most regions in the foreseeable future.

7.2 Limitations and suggestions for future research
The goal of this dissertation was to determine the renewable heat potential within low temperature
industries, to create a robust methodology that determines which technology produces heat or abate
carbon at a lower cost, and to assess current economic competitiveness. The effort to make a universal
methodology resulted in marginalizing some detailed aspects of solar process heat plants.
The largest simulation generalization was the control strategy of the solar thermal, photovoltaic, and
heat pump plants. For the detailed simulations mentioned in Chapter 3, only an “on-off” control method
was used with a constant pump speed that acted as a pre-heater. This type of control results in a higher
specific annual yield but is sometimes not accepted by some industries that require heat at a specific
temperature. In this case, a temperature regulated variable speed pump can be used. It is important to
understand how this pump control type would affect what was researched in this work and is therefore
a promising line of future investigation. A second simulation simplification was the assumed heat pump
COP, taken as a yearly average in this work. In reality, the required source or waste heat would have
transient temperature and mass flow profiles, but these parameters are often unknown. To further refine
this work, knowledge of the waste heat energy profile would allow for more dynamic and accurate heat
pump simulations. In addition, the coupling of solar thermal and heat pump technologies as a combined
renewable heat solution, either in series or parallel, may provide a more robust and lower cost renewable
heat solution. Increased research in this direction is recommended.
Only non-steam renewable heat below 150 degrees Celsius was investigated in this dissertation. One
should not overlook higher temperature solar applications because steam is used frequently in supply
networks of many industrial plants. The benefit of solar steam generation is in its ability to act as another
“boiler,” enabling easier process integration and operation within existing facilities. In the near future,
more electric steam-generation boilers will be installed due to the increasing interest in “Power-to-Heat”
and will directly compete with solar steam. In addition, research level heat pumps are on the verge of
effectively generating steam for industry. In this light, a similar analysis as proposed in this work should
be carried out for all steam generation technologies: concentrated solar thermal, electric boilers, and
steam heat pumps. In addition, the inclusion of other lower carbon heat producers should be examined
with a similar methodology, including combined heat and power plants that utilize lower carbon fuels
such as bioenergy and hydrogen.
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The use of electricity as a heat producer will involve a greater interaction between an industrial facility
and national or international electricity grids. This can take the form of generated electricity export to
the grid, grid offtake during low or negative electricity prices, and dynamic thermal energy
generation/storage during both events. An industrial facility is no longer an island of local heat
generation and electricity import but a dynamic player in both markets. Increased research must be
targeted to develop the “factory of the future” where the industry can be an active participant in both the
electricity and heat generation/offtake market, reacting and taking advantage of temporal price
variations.
The final future research recommendation is to optimize and reduce the cost of turn-key solar thermal
process heat plants. The presented research has clearly shown that if plant investments do not
significantly reduce in the coming years, other renewable heat technologies become increasingly
appealing. Future research to reduce plant costs must take two paths: automation and standardization.
Photovoltaics have experienced a price revolution in the past decade, thanks in part to the automated
manufacturing and standardization of related hardware and software for project realization. The solar
thermal community must research and learn how to more cost effectively automate and standardize
products that do not require detailed engineering at every step. This can only be done through learned
experiences of actual plant construction. In addition, more skilled engineering departments and project
installers must take part in the solar thermal energy sector. More competition is needed amongst
companies vying to realize projects, as often-generous national support mechanisms do not properly
motivate companies to innovate and develop lean processes.
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8.1 Nomenclature
Abbreviations
ACM

Absorption chilling machine

AUT

Austria

BAFA

Federal Office for Economic Affairs and Export Control

Bev.

Beverage

CHP

Combined Heat and Power

CO2e

Carbon dioxide equivalent emissions

CPC

Compound parabolic concentrator collector

CSO

Cold supply optimization

EE

Energy efficiency

ESP

Spain

ETC

Evacuated tube collector

EU

European Union

F&B

Food and Beverage

F&V

Fruit and Vegetable

FDG

Flat plate double glazed collector

FPC

Flat plate collector

FRA

France

FW

Financial week

GER

Germany

GFS

GREENFOODS project

GHG

Greenhouse gas

HP

Heat pump

HR

Heat recovery

HSO

Heat supply optimization

HTF

Heat transfer fluid

IEA

International Energy Agency

IEE

Intelligent Energy Europe

ILC

Infinite load case

ISO

International Organization for Standardization

LHV

Lower heating value

MC

Monte Carlo simulation

NED

Netherlands

ORNL

Oak Ridge National Laboratory

PLC

Practical load case

PO

Process optimization

POL

Poland

PTC

Parabolic trough collector

PV

Photovoltaic

PVHP

Photovoltaic heat pump plant

RMSE

Root-mean-square error

SEC

Specific energy consumption

SHC

Solar heating and cooling

Nomenclature

SHIP

Solar heat for industrial processes

SME

Small and medium sized enterprises

ST

Solar thermal

STC

Standard test conditions

TMY

Typical Meteorological Year

TRNSYS

Transient System Simulation software

UK

United Kingdom

VDI

The Association of German Engineers

Symbols
α

Minimum solar elevation angle

°

area of solar thermal or PV plant

m2

β

Solar collector inclination angle

°

c1

Solar collector linear thermal loss coefficient

W/(m2apK)

c2

Solar collector quadratic thermal loss coefficient

W/(m2apK2)

c5

Solar collector thermal capacity

Cland

Specific land cost

cp

Specific heat

kJ/(kg·K)

COP

Coefficient of performance

kWth/kWel

Cel

Electricity cost

𝑖𝑛𝑓
𝐶𝑒𝑙

Inflation of electricity costs

CR

Carbon ratio

CF

Energy to carbon conversion factor

DR

Discount rate

%

ηo

Solar collector optical efficiency

-

𝑆𝑇,𝑃𝑉
𝜂𝑢𝑡𝑖𝑙
η

System utilization ratio

-

Efficiency

-

ηPV

PV efficiency

-

ηCOP

Heat pump efficiency

-

𝑃𝑉
𝑒𝑠𝑜𝑙

Specific annual PV yield

εgen

Validation error

€/m2ap

ξ

Carbon dioxide emissions equivalent

′
𝐹𝑙𝑎𝑛𝑑
′
𝐹𝑃𝐿𝐶
𝐹𝑉′
𝐹ℓ′
′
𝐹𝑆𝑇,𝐻𝑃
′
𝐹𝑃𝐴

Correction factor when land is acquired

t CO2e
-

A

ST, PV

J/(m2apK)
€/m2land

€/MWh or €/kWh
%
t CO2e / MWh

kWh/kWp

Correction factor for practical load cases (ST vs PV)

-

Correction factor for vacation

-

Correction factor for load profile

-

Correction factor for practical load cases (ST vs HP)

-

Conversion factor for ST collectors from area to power

-

′
𝐹𝑆𝑇,𝐻𝑃
′
𝐹𝑆𝑇,𝐻𝑃

F1

Parameter of

F2

Parameter of

FT

Fuel input type and quantity

FLH

Full load hour

h/a

FP

Fuel price

€/t

G

Solar irradiance on a horizontal surface

W/m2

Gb

Solar beam irradiance on a horizontal surface

W/m2

Gt

Solar irradiance on a tilted surface

W/m2
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correction factor

-

correction factor

-
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W/m2

Gcrit

Critical irradiance

GCR

Ground coverage ratio

H

Annual solar irradiation on a flat surface

kWh/m2a

Hbn

Annual solar beam normal irradiation

kWh/m2a

I

Specific plant investment

IR

Investment Ratio

ICR

Investment Cost Ratio

Kθt, θl, θd

Incident angle modifier (transverse, longitudinal, diffuse)

-

lpipe

Pipe length of solar field

m

lfocal

Focal length of parabolic trough

m

lcol

Collector length of parabolic trough

LMTD

Log mean temperature difference

m
K

LCAC

Levelized cost of abated carbon

€/kWh

LCOE

Levelized cost of energy/electricity

€/kWh

LCOH

Levelized cost of heat

€/kWh

Lprocess

Process load

kW

ℓ

Specific process load profile

d/h

ṁ

Mass flow rate

N

Years of operation

-

OM

Operation and maintenance

%

P

Power

kW

PBT

Payback time

PR

Performance ratio

year
-

φ

Latitude

qload,day

Specific daily process load

𝑆𝑇,𝑃𝑉
𝑄𝑎𝑛𝑛𝑢𝑎𝑙

Total annual thermal energy to the process

qstorage

Specific size of thermal storage tank

kWh/kWp

𝑆𝑇
𝑞𝑠𝑜𝑙

Solar thermal plant specific yield

kWh/m2ap

𝑃𝑉
𝑞𝑠𝑜𝑙

Photovoltaic plant specific yield

kWh/kWp

Q

Thermal energy

Rap,g

Ratio between aperture and gross area

RW

Row width of parabolic trough

SD

Degradation rate

STelec

Electrical used by solar thermal

θ0,1,2,3,4,5

Model coefficients

T0.1

Temperature node at bottom of storage

°C

T0.95

Temperature node at top of storage

°C

T0.95max

Maximum storage temperature for safety control

°C

Tamb

Ambient temperature

°C

Tamb,day

Annual mean ambient temperature during daytime

°C

Tcoll

Collector temperature

°C

Tcoll,m

Mid-plate collector temperature

°C

Tdiff

Temperature difference between the process and ambient

°C

TP,flow

Process load flow temperature

°C

TP,flow,S

Solar heated process load flow temperature

°C

TP,m

Mean process temperature

°C

TP,return

Process return temperature

°C

€/m2ap, €/kWth, €/Wp
(€/m2ap)/(€/Wp)
(€/m2ap)/(€/MWh)

kg/(h·kWp)

°
kWh/(kWp·d)
kWh

kWhth
%
kWhel
-
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TsolarHX

Heat exchanger temperature from collector field

°C

Tsink

Heat sink temperature for the heat pump

°C

Tsource

Heat source temperature for the heat pump

°C

UAoutdoors, indoors

Heat transfer coefficient for the indoor and outdoor pipes

uaprocessHX

Heat exchanger size for the process discharge loop

W/ kWp·K

uasolarHX

Heat exchanger size for the solar loop

W/kWp·K

UAstorage

Heat losses for the thermal storage

Vstorage

Volume of thermal storage

W

Work (electric)

Scripts
ap

Aperture

B

Heated bath profile

C

Constant profile

charge

Charging loop parameter

D

Daytime profile

discharge

Discharge loop parameter

g

Gross

gen

Generalized calculation of term

HP,ideal

Ideal operational case of a heat pump

land

Inclusion of land costs of term

local

Local calculation of term

market

Market conditions of term

norm

Normalized parameter

peak

Maximum output of system

process

Industrial process parameter

saved

Energy saved from efficiency implementation

sol

Generated solar energy

solar

Solar loop parameter

V

Variable profile

val

Validation set of term
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10 Appendices
10.1 Appendix – Specific energy consumption (SEC) of common foods
SECth
(kWhth/t)

SECel
(kWhel/t)

Branch

Product

Country

Bakery
Bakery
Bakery
Bakery
Bakery
Bev.
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Bev.
Bev.
Bev.
Bev.
Bev.
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Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
F&V
F&V
F&V
Meat
Meat
Meat
Meat
Meat

Bread
Bread
Bread
Bread
Bread
Breweries
Breweries
Breweries
Breweries
Fruit Juice
Fruit Juice Concentrate
General
Water
Butter
Butter
Cheese
Cheese
Cheese
Cheese
Cheese/Whey/Cream
Evaporated Milk
Liquid Milk
Liquid Milk
Liquid Milk
Liquid Milk
Liquid Milk
Milk/Whey Powder
Milk and Yogurt
Milk Powder
Milk Powder
Fruit, Potatoes
Canned Tomatoes
Frozen Vegetables
Canning
Processing
Processing
Salami/sausages
Slaughter (Poultry)
Slaughter/Freezing
(Beef/Sheep)
Slaughter/Freezing (Pork)
Slaughter/ Freezing
(Poultry)
Slaughtering
Slaughtering
Sugar
Sugar
Sugar

Germany
EU
EU
Global
EU
Germany
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Germany
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South Africa
South Africa
Germany
EU
Netherlands
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South Africa
USA
Netherlands
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USA
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Germany
USA
UK
EU
Netherlands
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Netherlands
South Africa
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EU
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Italy
Germany
Italy
Nordic
Poland

220…590
6…42
360…1,500
550…1,400
180…750
70…390
1,225
350
105
270…550
190
40
1,373
140
400…1,300
175
550
2,450
450
250
2,330
1,360
40…1,250
20…800
1,900
1,400
415
200
20…180
0…130
270
115
140
80
350
280
50
800…5,500
15…900
50…420
41…700
2,860
2,575
1,170
350…875
520…590
19…24
80…280
800…900
150…400
360…1,230
210…640
1,200…1,450
1,300..1,400
450…1,000
750…1,350
61…342
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4,200…5,500
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2,020
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1,500…2,400

Meat
Meat
Meat
Meat
Meat
Other
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3,000

Source
[112]
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[18]
[74]
[112]
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[65]
[22]
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[76]
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[76]
[76]
[15]
[114]
[22]
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[75]
[75]
[22]
[75]
[15,20]
[15,20]
[76]
[22]
[10]
[15]
[15]
[15]
[112]
[15]
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[117]
[23]
[23]
[23]
[112]
[112]
[21]
[10]
[115]

Longitudinal Incidence Angle Modifier
Angle Modifier
Incidence
Transversal
(KθL)
(KθT)
Modifier
Angle Modifier
Longitudinal Incidence Angle
(KθL
θL)
Longitudinal Incidence Angle Modifier
(KθL)
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Angle Modifier (KθT)
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(KθL)

FPC
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00
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0
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10.2 Appendix – Solar collector incident angle modifiers
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10.3 Appendix – ST yield regression model results
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10.4 Appendix – Nomograms to estimate ST and PV ILC yields
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10.5 Appendix – Correction factors for process load profiles
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10.6 Appendix – Correction factors for vacation

Tamb,day

Hbn / H

High
Mid

Low

Tamb,day

Hbn / H
High
Mid
Low

157

HP 

Cel,market (€/kWh)

158

ST 

LCOH,

0.25

400

0.5

600

1.25
1
0.75
F1 :IHP / FLH

(kWh/m2ap·a)
1000
800

1.5

1.75

1200

2

F2:
COP/Cel,market

COP

1400

Appendices

10.7 Appendix – Nomograms for the ST and HP (LCOH) comparison
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10.8 Appendix – Nomograms for the ST and HP (LCAC) comparison
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10.9 Appendix – IR graphs for ST and PVHP Assessment
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10.10 Appendix – Case study results of the ST and PVHP comparison
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