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ABSTRACT 
This study addresses the urgent need to decarbonise 
heat-intensive processes in the food and beverage (F&B) 
sector by proposing a standardised Balance of Plant 
(BoP) framework for integrating Solar Heat for Industrial 
Processes (SHIP) with High-Temperature Short-Time 
(HTST) pasteurisation systems. A modular BoP 
configuration is designed to streamline implementation, 
reduce costs, and enhance scalability across industrial 
contexts. Using Quality Function Deployment (QFD), 
operational needs are systematically translated into 
engineering specifications, ensuring reliable operation, 
ease of integration, hygienic safety, and thermal 
performance. The QFD analysis revealed that 
Instrumentation and Control components, particularly 
pressure regulation, are critical for ensuring system 
reliability. The obtained insights on requirement 
prioritisation and correlation will serve as base 
considerations for the design of the standardised BoP 
P&ID. This work contributes to overcoming key market 
barriers to SHIP adoption by offering a practical, data-
driven framework tailored to the specific demands of the 
F&B industry. 

Keywords: Solar Heat for Industrial Processes; HTST 
pasteurisation; Balance of Plant; Quality Function 
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High-Temperature Short-Time 
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Small- and Medium-sized Enterprise 
Technical Importance Score  
Piping and Instrumentation Diagram 
Quality Function Deployment 

Symbols  
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1. INTRODUCTION 
Nearly 50% of the global Final Energy Consumption 
corresponds to heat [1]. Notably, in the European Union, 
industrial heat consumption represented 30% of the 
total heat consumption in 2022 [2]. Moreover, the Food 
and Beverage (F&B) sector is a significant global energy 
consumer, with thermal processes accounting for a 
substantial portion of its energy demand and associated 
greenhouse gas emissions [3]. Among these processes, 
pasteurisation is indispensable for ensuring food safety 
and extending the shelf life of liquid products [4]. 
Different methods of pasteurisation are used among 
industries, but particularly for dairy, the High-
Temperature Short-Time (HTST) method is usually 
preferred to handle large volumes of milk [5]. In this 
process, the milk is heated up to 72°C and held at that 
temperature for 15 seconds. Despite electrification 
efforts and efficiency improvement in recent years, the 
considerable thermal energy required for HTST, typically 
involving heating a transfer medium to slightly hotter 
temperatures between 75°C and 80°C, is usually supplied 
by burning fossil fuels such as natural gas, oil, or LPG [6]. 
Consequently, decarbonising pasteurisation processes is 
crucial for the industry to meet climate mitigation targets 
and transition towards sustainable manufacturing 
practices [7-8]. 

Solar Heat for Industrial Processes (SHIP) presents a 
technically mature and environmentally sound solution 
for supplying low-to-medium temperature heat to F&B 
industries [9], aligning well with the thermal 
requirements of HTST pasteurisation systems [10]. Solar 
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thermal collectors can efficiently generate the necessary 
heat, displacing fossil fuel consumption and reducing 
operational carbon footprints. Successful pilot 
installations and technical potential studies have 
demonstrated the viability of integrating solar thermal 
energy into various food processing applications, 
including pasteurisation [11], [12], [13]. 

Despite this technical feasibility and clear 
environmental benefits, the large-scale adoption of solar 
thermal technology for industrial processes, such as 
HTST pasteurisation, remains unexpectedly low. A 
primary obstacle lies in the prevailing project-specific, 
customised approach to system design and integration, 
particularly concerning the Balance of Plant (BoP) – the 
subsystem encompassing pumps, heat exchangers, 
piping, and control components that links the solar 
collector array to the industrial process [14]. This reflects 
on the implementation of the overall system, increasing 
it to up to five times the average cost for other 
renewable energy options and, hence, taking away its 
competitiveness [15]. 

This bespoke engineering approach leads to 
significant drawbacks: (i) high upfront costs driven by 
extensive engineering hours and non-standardized 
component procurement; (ii) prolonged project 
development and installation timelines; (iii) perceived 
complexity and integration risks, deterring potential 
adopters, especially small and medium-sized enterprises 
(SMEs); and (iv) inherent limitations in replicating 
designs efficiently, hindering market scalability [16]. This 
is particularly critical for the European market, where 
labour costs heavily impact the total project investment 
in comparison with other regions. (e.g. the installation 
costs in Southern Europe are 84% higher than those in 
Asia for SHIP projects [17]). The BoP itself often 
represents a substantial fraction of the total system cost 
and complexity, roughly between 20-45%, depending on 
the application, making it a critical and attractive target 
for optimisation among SHIP turnkey providers [18].  
Nevertheless, to the extent of the knowledge of the 
authors, the analyses presented in academic literature or 
in other relevant reports do not thoroughly break down 
the costs associated with the design and manufacturing 
of the BoP. This is a pivotal research gap that could easily 
pinpoint the bottlenecks for impactful cost reductions. 
Future steps in this research intend to address this point 
through a breakdown cost analysis, based on 
information collected from various industrial 
stakeholders. 

To overcome these issues, a shift is needed from 
engineering approaches to standardised solutions. A few 

research projects have attempted to incentivise SHIP 
adoption, addressing BoP standardisation with different 
approaches and to different extents [19], [20], [21]. 
Moreover, some commercial suppliers have tried to 
simplify solar thermal adoption by providing all-in-one 
kits with the necessary components to ease the 
installation [22], [23]. Nevertheless, the MODULUS 
project represented a focused effort on BoP 
standardisation [24], [25]. It validated the cutting-edge 
concept in three different demonstration sites, 
identifying a significant reduction in the engineering and 
deployment efforts while increasing the reliability of the 
system. However, the initial focus on thermal oil solar 
loops represented a critical limitation to immediate 
applicability to water/steam systems. The project made 
it clear that BoP costs are highly sensitive to 
temperature/pressure requirements specific to each 
project, implying a need for segmented standards that 
could better match this wide range of applications.  
Moreover, it was identified that the full cost reduction 
potential requires broader market adoption and 
potentially manufacturer cooperation, consequently 
resulting in a hurdle for the scale-up effects of the 
standardised BoP. 

This research is driven by the urgent need to create 
cost-effective, reliable, and easily deployable systems 
that can fully harness solar thermal energy for 
decarbonising widespread heat-consuming processes on 
a large scale, taking HTST pasteurisation as the ideal 
application to start due to its extensive industrial 
implementation, significant market potential, and 
opportunities for collaboration with manufacturers. The 
main goal is to design a standardised, modular BoP 
framework tailored for integrating solar thermal systems 
with HTST pasteurisation equipment. Such a framework 
is intended to lower costs, streamline integration, 
simplify component procurement, improve system 
reliability, reduce implementation errors, and, most 
importantly, support scalable adoption across the 
diverse F&B sector. 

This paper details the development of such a 
framework. The Methodology section outlines the 
specific technical requirements and challenges derived 
from the HTST process demands and maps them to the 
technical specifications of the BoP through a Quality 
Function Deployment (QFD) matrix, resulting in module 
definitions and component selection criteria. The 
importance of different technical specifications, with 
respect to user requirements, is analysed, as well as their 
correlation. The Results section provides data-driven 
considerations for the further design of a Piping and 
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Instrumentation Diagram (P&ID) for the proposed 
standardised model of BoP. Lastly, the Conclusion 
section highlights both the insights and future works of 
the study. 

2. METHODOLOGY 
The selected pasteurisation equipment for the case 
study is the Tetra Pak Pasteurizer D Base model [26], as 
the presence of the brand around the world could 
enhance the reach of the intended implementation of 
the proposed integration. The initial approach of this 
study focuses on typical applications to identify critical 
operating parameters that would impact the BoP 
component selection. Figure 1 illustrates an example of 
a milk pasteurisation process, where the integration 
point for the potential solar system comes in the dark red 
line. 

 
Figure 1 Example milk configuration for the Tetra Pak 

Pasteurisation D Base equipment [26] 

2.1 Quality Function Deployment matrix 

The standardised heating demand that is required for 
pasteurisation limits the operating parameters under 
which the BoP would operate and constrains the 
subcomponent’s technical specifications. Hence, a key 
step in the design process involves translating 
operational requirements and constraints into specific 
engineering parameters using Quality Function 
Deployment (QFD). Core Customer Requirements (CR) 
for the integrated system, presented in Table 1 are 
systematically mapped against quantifiable Functional 
Requirements (FR) of the BoP, later enlisted in Table 3. 
The resulting QFD matrix, also known as the House of 
Quality, supports the prioritisation of technical 
specifications that are most critical to ensuring reliable 
performance under the demanding conditions while 
sustaining the standardised design. This approach also 
evaluates the intrinsic performance trade-offs associated 
with such a design methodology. 
 
 

Table 1 User requirements to be mapped in QFD 

Customer Requirements 
CR1: Stable and precise heat delivery to the pasteuriser 

loop 
CR2: Reliable heat delivery (Water 120 °C @5 bar) 
CR3: Safety features against stagnation 
CR4: Safety features against freezing 
CR5: Hygienic separation between HTF and pasteuriser 

utility water 
CR6: Minimal parasitic energy consumption 
CR7: Straightforward system integration 
CR8: Minimised cost 
CR9: Compactness 

To obtain the values of the relationships to fill out 
the matrix, the template is shared with both academic 
and industrial stakeholders with relevant expertise in 
SHIP projects. After receiving their feedback, the values 
are averaged and approximated to the closest 
relationship descriptor: Strong (9), Moderate (3), Weak 
(1), or None (0). Then, the values are multiplied by the 
also averaged Customer Importance Rating (CIR) of each 
CR, and the resulting sum is the Technical Importance 
Score (TIS), which defines the priority rank. 

On the other hand, correlations between FRs are 
also reflected in the QFD matrix using a Positive (+), 
Negative (-), or No correlation (0) indicator. This 
examines how the FRs interact with each other, 
identifying synergies and trade-offs between them. 

3. RESULTS AND DISCUSSION 
After receiving the feedback from the stakeholders, 
multiple iterations were produced before reaching the 
matrix presented in Figure 2. From here, several 
conclusions can be drawn. 

3.1 Customer Importance Rating and Technical 
Importance Score 

Firstly, evaluating the CIR on the left of the Figure, it is 
noticeable that the CRs with the highest importance are 
CR1: Stable and precise heat delivery to the pasteuriser 
loop, CR2: Reliable heat delivery (Water 120 °C @5 bar), 
and CR5: Hygienic separation between HTF and 
pasteuriser utility water. This reflects how operational 
and hygienic reliability are priorities during the design, 
even more important than other requirements, such as 
CR9: Minimised cost, which is relegated as a relevant but 
secondary priority. The importance level of each CR 
impacts heavily on its Weighted Score, which indicates 
the criticality of that CR with respect to the rest after 
weighing in its interactions with the FR.  
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The TIS ranks the FRs according to their relevance 
for each of the CRs, after weighing in the CIR of each. The 
resulting ranking of FR according to their TIS is presented 
in Table 3. The most important requirements were FR12: 
Instrumentation accuracy (10.4%), followed by FR2: 
Control system precision (9.9%), and FR13: Pressure 
regulation equipment (9.8%). It is notable how these 
three categories are closely related to the 
Instrumentation and Control (I&C) dimension of the BoP, 
demonstrating the critical role it plays in guaranteeing 
the correct functioning of the system. In contrast, FR8: 
Stainless steel hygienic components (4.3%) resulted in 
the FR with the least priority, not because it lacks 
importance, but because it is mostly connected to only 
CR5: Hygienic separation between HTF and pasteuriser 
utility water, while having little or no relevance for the 
rest of the CR. 

Table 2 Importance-based ranking of Functional 
Requirements 

Rank Functional Requirement 
1 FR12 Instrumentation accuracy 
2 FR2 Control system precision  
3 FR13 Pressure regulation equipment 
4 FR1 Heat Exchanger effectiveness 

5 FR14 Pressurised thermal storage 
6 FR15 Standardised components 
7 FR3 Pump performance curves 
8 FR5 Component operational temperature 
9 FR9 Insulation performance 
9 FR6 Component operational pressure 

11 FR10 Modular BOP layout 
12 FR11 Standardised control interfaces 
13 FR4 Pipe dimensions 
14 FR7 Safety valve specifications 
15 FR8 Stainless steel hygienic components 

3.2 Functional Requirements Correlation Analysis 

The analysis showed a lack of negative correlations 
between the FRs, allowing for a focus solely on positive 
correlations, as illustrated in the spring-layout network 
diagram presented in Figure 3. Larger nodes indicate FRs 
with more direct connections, signifying their greater 
importance, while the closeness of the nodes indicates 
the strength and density of their direct and indirect 
connections. This analysis identifies FR13: Pressure 
regulation equipment as the most significant integrator, 
with the highest number of links, underscoring its pivotal 

Figure 2 QFD matrix after discussion  
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role in bridging the hydraulic, control, and thermal 
subsystems. Notably, as the FR8: Stainless steel hygienic 
components does not present any correlation, it is shown 
isolated from any other FR node. The colour-coding 
further depicts the inherent functional clusters: Core 
Hydraulics & Control, Thermal & Storage Subsystem, and 
System Interfaces & Standards, which emerge from the 
density of their relationships. In contrast, FR4, FR7, and 
FR8, which coincidentally are the FRs with the lowest 
priority in the ranking from Table 3, appear unclustered 
from the rest of the FRs. 

 
Figure 3 Correlation Network of Functional 

Requirements by Cluster 

4. CONCLUSIONS 
This work presents a structured approach to designing a 
standardised BoP for SHIP integration in HTST 
pasteurisation systems, addressing one of the most 
critical bottlenecks for the wider deployment of solar 
thermal energy in the food and beverage industry. By 
applying QFD methodology, key operational 
requirements are systematically matched with 
quantifiable engineering parameters, guiding the 
specification of subcomponents and layout of the 
proposed system. The analysis showed that the most 
critical engineering components were related to I&C. 
Specifically, FR12: Instrumentation accuracy, FR2: 
Control system precision, and FR13: Pressure regulation 
equipment scored highest, with the latter acting as a 
central hub that links the hydraulic, thermal, and control 
parts of the system. The resulting BoP design 
considerations focus on reliable thermal delivery, 
operational safety, and hygienic integrity while 
remaining flexible for scaling to different production 
capacities. Further work will focus on the development 

of the P&ID design for the BoP based on the insights from 
this analysis. Although further experimental validation 
and economic analysis are needed, the standardised 
framework developed here offers a promising pathway 
to reduce engineering overheads, lower investment 
risks, and enhance the replicability of SHIP solutions. In 
doing so, it supports broader climate and energy goals by 
enabling a practical transition away from fossil-based 
thermal energy in food manufacturing. 
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