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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Energy use optimization is one of the numerous way to reduce the impact of the CO2 on the environment. The work presented in 
this paper explores the possibility to apply the Brazed Plate Heat Exchanger (BPHE) technology to enhance the heat transfer 
between an extremely cold liquid gas such as nitrogen or air and low-grade heat media such as hot water. BPHEs are known to be 
characterised by high turbulent flows and high heat transfer rate and thus are the best candidate to guarantee quick heat transfer 
between the two fluids. Particular concern in this application is given by the risk of freezing water inside the BPHE. Considering 
the high complexity in the internal structure of the BPHE, the work is based on its analysis using x-ray tomography and CFD via 
a commercial software. CFD analysis was carried out using a first simple geometry and physics to verify the feasibility of the 
study. Given the promising results (quick heat transfer and tempered water temperature), subsequent study will be focused on 
more complex geometry and realistic physics to acquire a comprehensive and exhaustive view of the problem. 
 
Copyright © 2018 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Liquid nitrogen is, as well as air, one means of energy storage that can be scaled up to hundreds of MW, using 
well known and safe technologies [1]. When there is plenty of energy, it can be cooled down and stored for future 
use. To harvest the energy stored when needed, it is important to provide enough heat to cause the rapid expansion 
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of the liquefied gas. Using waste heat from other processes (i.e. hot water) not only pushes the heating process but 
also increases the efficiency of all the sections involved. In addition, it is important to provide the heat in the fastest 
way possible to obtain high power output. This last characteristic is one of the important property of the ideal energy 
storage technology [2]. One of the promising way to do it is to exploit the BPHE technology. However, the core 
problem in this application is the danger of water freezing inside the heat exchanger (HEX). 

Plate Heat Exchanger (PHE) is a well-known technology applied in a lot of different sectors such energy and 
power production, food and chemical industries, heat management systems, heat recovery systems and other 
industrial applications [3] [4]. Among numerous different type of HEX, corrugated PHE are useful to obtain a high 
indirect heat transfer rate between two fluids with low space occupancy and compact design. The 
chevron/herringbone type is the most common. It is characterised by high thermal performance, low pressure drop, 
high rigidity [5]. The high contact surface given by the corrugations is suitable for enhancing heat harvesting from 
low-grade heat source with an increase in the heat transfer coefficient. The channels complexity and the interruptions 
made by brazed points guarantee turbulent flows and consequently increase heat transfer. PHE are suitable to work 
with both one or two-phase fluids [4]. Operating temperature range goes from -195 to +220 °C, pressure up to 30-45 
bar [6]. The objective of reducing CO2 emissions and consequently damage to the environment, could be achieved 
by improving energy saving and optimization in every known field. The work is focused on the recovery of low-
grade heat from water at about 50 °C to heating up liquid nitrogen to gas nitrogen inside a single-pass BPHE. In this 
way, low-grade heat from water could be used to improve nitrogen expansion by quickly increasing its temperature. 
Nitrogen is characterised by an expansion ratio of 1: 696 from the boiling point (-195.79 °C) to ambient temperature 
at standard pressure [7]. Thus, the expansion could be applied for moving parts to produce energy. The heat transfer 
process is analysed using the CFD software COMSOL Multiphysics®. X-ray tomography is used to explore the 
inside geometry of the BPHE. The fundamental aim is to analyse the critical points in the channel geometry and in 
the overall PHE and prevent freezing during the heat transfer. The expansion of freezing water could cause stress 
and strain responsible of reduced performance and possible break-down of the HEX. Moreover, studies and CFD 
analysis on two-phase heat transfer in a PHE are scarce and this work could help in understanding the fluid 
behaviour inside the plates [8] [9]. The CFD model is used to better understand the heat transfer and pressure drop 
inside the BPHE in different conditions. It is also the only way to know the fluid behaviour inside a BPHE. Due to 
the brazing process, it is not possible to see the actual flows inside it. Differently, in a gasketed PHE it is possible to 
analyse the actual fluid flow through direct visualisation by substituting the top metal plate with a transparent (i.e. 
plexiglas, polycarbonate etc.) corrugated plate [10–14]. Finally, to the best of authors’ knowledge, coupling hot 
water and liquid nitrogen in a similar HEX has never been analysed in previous work. 

2. Methods 

Due to the high level of complexity in the geometry of the HEX and in the physics involved in the heat transfer 
between the two fluids, it is necessary, prior to perform experimental tests with the actual fluids, to do a 
comprehensive analysis of the problem. An accurate study of the phenomena involved should guarantee the 
avoidance of breaks and malfunctioning. Once safe velocities and fluid flows are defined through numerical 
analysis, it will be possible to apply the same conditions to the actual experimental set-up and see the 
correspondence between CFD and experimental results. Therefore, this work is accomplished with computational 
fluid dynamics analysis using the commercial software COMSOL Multiphysics®. First steps are based on the 
analysis of a simplified channel geometry. More accurate models are obtained considering also the real geometry of 
the BPHE via experimental approach. The experimental part is focused on the analysis of the geometry inside a 
generic BPHE using CT-scan technology. This technology allows obtaining simple 2D images of different layers 
inside the HEX. In this way, it is possible to have an idea of what is inside it and how it can be reproduced in 
COMSOL, using the help of external CAD software such as Autodesk AutoCAD and Autodesk Inventor. To 
understand the behaviour of the BPHE, it is fundamental to know the geometry inside it. While a normal PHE can 
be disassembled, a BPHE cannot due to the technology used in its manufacturing. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2019.01.577&domain=pdf
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of the liquefied gas. Using waste heat from other processes (i.e. hot water) not only pushes the heating process but 
also increases the efficiency of all the sections involved. In addition, it is important to provide the heat in the fastest 
way possible to obtain high power output. This last characteristic is one of the important property of the ideal energy 
storage technology [2]. One of the promising way to do it is to exploit the BPHE technology. However, the core 
problem in this application is the danger of water freezing inside the heat exchanger (HEX). 

Plate Heat Exchanger (PHE) is a well-known technology applied in a lot of different sectors such energy and 
power production, food and chemical industries, heat management systems, heat recovery systems and other 
industrial applications [3] [4]. Among numerous different type of HEX, corrugated PHE are useful to obtain a high 
indirect heat transfer rate between two fluids with low space occupancy and compact design. The 
chevron/herringbone type is the most common. It is characterised by high thermal performance, low pressure drop, 
high rigidity [5]. The high contact surface given by the corrugations is suitable for enhancing heat harvesting from 
low-grade heat source with an increase in the heat transfer coefficient. The channels complexity and the interruptions 
made by brazed points guarantee turbulent flows and consequently increase heat transfer. PHE are suitable to work 
with both one or two-phase fluids [4]. Operating temperature range goes from -195 to +220 °C, pressure up to 30-45 
bar [6]. The objective of reducing CO2 emissions and consequently damage to the environment, could be achieved 
by improving energy saving and optimization in every known field. The work is focused on the recovery of low-
grade heat from water at about 50 °C to heating up liquid nitrogen to gas nitrogen inside a single-pass BPHE. In this 
way, low-grade heat from water could be used to improve nitrogen expansion by quickly increasing its temperature. 
Nitrogen is characterised by an expansion ratio of 1: 696 from the boiling point (-195.79 °C) to ambient temperature 
at standard pressure [7]. Thus, the expansion could be applied for moving parts to produce energy. The heat transfer 
process is analysed using the CFD software COMSOL Multiphysics®. X-ray tomography is used to explore the 
inside geometry of the BPHE. The fundamental aim is to analyse the critical points in the channel geometry and in 
the overall PHE and prevent freezing during the heat transfer. The expansion of freezing water could cause stress 
and strain responsible of reduced performance and possible break-down of the HEX. Moreover, studies and CFD 
analysis on two-phase heat transfer in a PHE are scarce and this work could help in understanding the fluid 
behaviour inside the plates [8] [9]. The CFD model is used to better understand the heat transfer and pressure drop 
inside the BPHE in different conditions. It is also the only way to know the fluid behaviour inside a BPHE. Due to 
the brazing process, it is not possible to see the actual flows inside it. Differently, in a gasketed PHE it is possible to 
analyse the actual fluid flow through direct visualisation by substituting the top metal plate with a transparent (i.e. 
plexiglas, polycarbonate etc.) corrugated plate [10–14]. Finally, to the best of authors’ knowledge, coupling hot 
water and liquid nitrogen in a similar HEX has never been analysed in previous work. 

2. Methods 

Due to the high level of complexity in the geometry of the HEX and in the physics involved in the heat transfer 
between the two fluids, it is necessary, prior to perform experimental tests with the actual fluids, to do a 
comprehensive analysis of the problem. An accurate study of the phenomena involved should guarantee the 
avoidance of breaks and malfunctioning. Once safe velocities and fluid flows are defined through numerical 
analysis, it will be possible to apply the same conditions to the actual experimental set-up and see the 
correspondence between CFD and experimental results. Therefore, this work is accomplished with computational 
fluid dynamics analysis using the commercial software COMSOL Multiphysics®. First steps are based on the 
analysis of a simplified channel geometry. More accurate models are obtained considering also the real geometry of 
the BPHE via experimental approach. The experimental part is focused on the analysis of the geometry inside a 
generic BPHE using CT-scan technology. This technology allows obtaining simple 2D images of different layers 
inside the HEX. In this way, it is possible to have an idea of what is inside it and how it can be reproduced in 
COMSOL, using the help of external CAD software such as Autodesk AutoCAD and Autodesk Inventor. To 
understand the behaviour of the BPHE, it is fundamental to know the geometry inside it. While a normal PHE can 
be disassembled, a BPHE cannot due to the technology used in its manufacturing. 
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3. Experimental and numerical results 

3.1. CT scans 

CT scans is carried out using a Nikon machine. It is possible to set the right parameters to obtain clear images of 
the HEX by tuning the machine trough the control panel. The number of scans done for a single experimental 
campaign is around 3600. The post processing of the scan leads to clear 2D and 3D reconstruction of the interior 
that are useful to define correctly the path inside the HEX. 

In Fig. 1, it is shown the pattern of the chevron plate obtained by the scan of different layers of the HEX (half 
cut). An interesting detail on the bottom right of the images is a certain quantity of galinstan, an alloy of gallium, 
indium and tin used as a liquid contrast to see if it was possible to follow and highlight the channel paths. Even 
though it was impossible to create a clear contrast between the liquid metal alloy and the HEX due to the slight 
difference in density between it and the metal composing the HEX, it is remarkable the effectiveness of the galinstan 
as a liquid contrast. Using it in different application would lead to clear images. 

 

Fig. 1. Scans for different layers 

In Fig. 2 is shown an example of 3D reconstruction obtained from the post-processing of the numerous scans 
done with the CT-scan. The images obtained through the x-ray tomography will be used to reconstruct the full 
geometry in the CAD software for further study on COMSOL. 

 

Fig. 2. 3D reconstruction obtained by the post-processing performed with the software 
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3.2. COMSOL Multiphysics® 

In COMSOL, the main preliminary analysis is done on a simplified geometry consisting of three different 
domains, built as rectangles. The complete channel from one pipe side to the other is supposed to be long 600 mm 
and a region of interest around the copper layer of 1 mm is considered. For copper layer, as obtained from the 
measurements from the scans, the smallest thickness (and so the one through which there is the higher heat transfer) 
is 0.385 mm. For each domain, the material is assigned from the material library. In Fig. 3 it is shown the geometry 
built in COMSOL: the upper domain is defined as nitrogen, the lower domain is defined as water and the one in the 
middle is defined as copper. Conjugate heat transfer and laminar flow physics are chosen for this preliminary 
simulation. 

 

Fig. 3 Simplified channel geometry built in COMSOL 

Parameters such as temperature and velocity are implemented via boundary conditions. Table 1 reports these 
parameters. In particular, water is varied between a minimum and a maximum of 0.1 and 20 m/s respectively. Both 
co- and counter-current flows are analysed. The mesh is physics controlled and its size is normal. 

                       Table 1. Parameters for the study 

Parameter Values 

Nitrogen inlet velocity [m/s] 0.02 

Nitrogen inlet temperature [°C] -196 

Water inlet velocity [m/s] 0.1 to 20 

Water inlet temperature [°C] 50 

In Fig. 4, the temperature distribution (right y-axis) in the case of co-current flows for water velocity of 0.1 and 
20 m/s in the three domains is shown. On the y-axis is shown the vertical position along the channel. The x-axis is 
the distance along the flow channel path. 

As it was expected, the most problematic zone is near the copper layer, in particular in the entrance stage. In this 
zone, nitrogen has the lowest temperature possible and the heat harvested form the water flow causes its freezing. As 
water and nitrogen keep flowing inside the channel, the temperature difference decreases leading to a temperature 
profile in which water is brought back to its starting temperature around 50 °C and nitrogen is heated up above 30 
°C. 
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water and nitrogen keep flowing inside the channel, the temperature difference decreases leading to a temperature 
profile in which water is brought back to its starting temperature around 50 °C and nitrogen is heated up above 30 
°C. 
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Fig 4. Temperature distribution for water velocity (U_water) of 0.1 and 20 m/s (co-current case) 

Even though nitrogen is not in the proper liquid form and does not undergo the actual phase change, it is 
interesting how fast, and thus how in a small distance, the heat transfer occurs. This behaviour looks promising. 
While in the case of laminar flow all the fluid streamlines are parallel and thus there is no a proper mixing and only 
the streamlines near the copper are heavily influenced by the presence of cold nitrogen, in the case of a turbulent 
model the heat transfer would be more accurate and the temperature profile more homogenous. Coupling the fast 
heat transfer with a more realistic fluid behaviour might solve the problem of an efficient way to transfer the low-
grade heat to the nitrogen during the recovery of the stored energy in the cold liquid. 

In the case of co-current flow, it is found that is possible to work with water velocity slightly below 2.09 m/s. In 
fact, with the help of anti-freezing fluid mixed with water, it is possible to lower the freezing point and thus to use 
slower water (which means lower mass flow). Finding the lowest water velocity (and thus water flow) value is 
important both to know the lower limit of safe working condition of the system and to reduce energy consumption 
of pumps and other equipment for the circulation of fluids in the HEX. In fact, while the nitrogen velocity is known 
and depends on the energy output wanted from the energy generation system, the water flow has to be high enough 
to prevent freezing in every part of the HEX. 

Similarly, for the counter-flow case the temperature distribution graphs are reported in Fig. 5. 

 

Fig. 5. Temperature distribution for water velocity of 0.1 and 20 m/s (counter-current case) 
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In the case of counter-current flow, due to the heat transfer curves related to this particular arrangement, water 
goes out from the left side of the channel at a very low temperature even when the highest velocity is set. In this 
case, even though the nitrogen is heated up and so expanded rapidly in a small portion of the channel (along the first 
2 mm the nitrogen is brought to water temperature, Fig. 5), water would freeze at extremely low temperature (far 
below -20 °C) resulting in still fluid leading to the freezing of all the HEX. One solution that might be investigated 
during experimental analysis is to use anti-freezing fluid such as glycol to lower the freezing point of water. 

4. Conclusions and future aim 

Laminar analysis of the flows inside the simplified geometry shows how the nitrogen temperature drops along a 
small distance underlining how fast can be the heat transfer between the two fluids. The work is a preliminary 
analysis of the heat transfer between a very cold fluid (liquid/gaseous nitrogen) and hot water. Due to the lack of 
work in the present literature, it is believed that further analysis of these heat transfer phenomena is promising. In 
fact, positive results on quick heat transfer between the fluids involved might be a breakthrough for the energy 
storage performed using liquid gas (nitrogen, but also air that is less expensive). In these processes, heat has to be 
transferred quickly to guarantee high energy conversion from storage media to electric power via rapid gas 
expansion.  

The work also underlines the potential of CT scans to understand the complexity of a BPHE flow channels and in 
general of all of those components which cannot be analysed in other ways than tearing them apart. 
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