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%ØÅÃÕÔÉÖÅ ÓÕÍÍÁÒÙ 
 

A wide range of waste heat and cold (WH/C) recovery technologies in industry are presently available. 

They greatly differ in terms of operating principle and operating conditions, target applications, 

development stage, costs and benefits. The overarching aim of this deliverable is therefore to publicly 

provide to stakeholders a comprehensive and unified view of the currently existing portfolio of WH/C 

recovery technologies and provide a robust basis for the SO WHAT tool development and specific 

applications. The specific objectives of this document are: i) systematically classify WH/C recovery 

technologies; ii) review the features and state-of-the-art performance of each technology considered; 

iii) examine the typical industrial applications of each technology; iv) identify emerging near-to-

market WH/C recovery technologies and their potential. The document is structured into five main 

sections, each one dedicated to a macro category of WH/C recovery technology: 

1. Heat-to-Heat technologies;  

2. Thermal Energy Storage technologies;  

3. Heat-to-Cold technologies;  

4. Heat-to-Power technologies;  

5. Heat upgrade technologies.  

Within the section of each macro-category, the individual technologies are reviewed with a focus on 

operating principle, performance, typical applications and development stage. Where available 

technological advancement from recent H2020 projects are highlighted.  

A mixture of consolidated and near-to-market WH/C recovery technologies has emerged from the 

systematic review carried out here, which demonstrate the long-stading utilization of WH/C 

technologies but also the need and the ongoing effort in technological development for difficult-to-

recover WH/C. Most of the passive WH/C recovery technologies, which use heat/cold directly or at a 

lower temperature level, are already consolidated from technological and commercial point of view. 

This is the case for heat-to-heat technologies such as conventional heat exchangers, 

recuperators/regenerators, economizers and waste heat boilers which have been extensively used to 

valorise medium-to-high grade heat. In this area the technological development is primarily directed 

at maximize the heat transfer performance to increase WH recovery capacity as well as reduce space 

requirements. An example of such emerging technology is the case of heat pipe heat exchangers.   

Active technologies (Heat-to-Power class and Heat Upgrade class) which transform or upgrade WH 

see a blend of consolidated and emerging technologies. High temperature power cycles (steam 

Rankine cycles) for conversion of WH into electricity are well consolidated Heat-to-Power 

technologies, with both technology suppliers and extensive know-how available from the power 

sector industries. Mid-to-low temperature power cycles see a mixture of niche commercial 

applications and of near-to-market solutions that necessitate further development mainly aimed at 

reducing specific costs due to intrinsically lower thermodynamic performance. This is the case for 

Organic Rankine Cycles (ORCs) and Kalina cycles. MW-scale ORCs are commercially available via a 

selected number of suppliers. Conversely, commercial applications of small scale ORCs (kW scale) 

remains prohibitive due to cost-performance limitations. Here, technological development is 

primarily aimed at developing more efficient expanders and evaporators in order to increase overall 

cycle performance. On the other hand, Kalina technology appears to be commercially available but 

only from one supplier which possess both IP rights as well as the specialized knowledge to design 

and installation of the technology. Further near to market Heat-to-power technologies have been also 



 

Deliverable 1.6 report on H/C recovery / storage technologies and renewable technologies 
Page 5 of 270 

 
 

This project has received funding from  

ÔÈÅ %ÕÒÏÐÅÁÎ 5ÎÉÏÎȭÓ (ÏÒÉÚÏÎ ΨΦΨΦ ÒÅÓÅÁÒÃÈ ÁÎÄ ÉÎÎÏÖÁÔÉÏÎ 

programme under grant agreement No 847097 

identified. These includes thermoelectric technologies for direct conversion of WH through Seebeck 

effect and cryogenic technologies using the phase change (vaporization) of cryogenic working fluids 

(for example liquid nitrogen) to generate mechanical power as well as cooling effect as a by-product.  

The class of Heat Upgrade technologies is dominated by Heat Pumps (HPs). Air source, ground source 

and water source HPs are widely commercially available and already employed for valorisation of WH 

by increasing the temperature at which it is available. The vast majority of HPs commercially available 

are electrical-driven vapour compression systems. Such feature creates further opportunity for WH 

valorisation and energy flexibility through coupling of thermal and electrical supply/demand. Most of 

the technological advancement in HPs technology is centred on the development of high 

temperature HPs for heat upgrade/supply above 140-160°C. A limited number of high temperature 

HPs is currently commercially for industrial applications.  

Within the context of Heat upgrade and cooling production, Absorption heat pumps (AHP), 

absorption heat transformers (AHT) and absorption chiller are attractive options for valorisation of 

WH/C. Absorption technologies are thermally driven with minimal or negligible electricity 

consumption. Therefore, they can be driven purely through a suitable stream of WH. Technological 

development is mostly concentrated around AHTs with near-to-market systems currently available.  

Thermal energy storage (TES) class also see a mixture of well established (sensible thermal energy 

storage), and near-to-market (latent heat and thermochemical energy storage) technologies. Within 

the context of WH/C valorisation, TES technologies provide a portfolio of possible functions. In its 

simplest implementation TES can operate as a passive technology by storing WH/C and make it 

available when heat/cold demand is present. Such type of TES operation has been implemented for 

WH/C recovery within the site of industrial processes. Mobile TES applications have been also 

envisioned with the aim of store WH/C from an industrial site to then deliver it to a nearby user (up to 

about 20 km from the WH source). Latent TES and thermochemical TES are particularly promising in 

this regard since they enable higher energy storage density compare to sensible TES. 

More advanced applications of TES technology involve the synergic integration of TES with WH/C 

source, other WH/C recovery technologies and the demand side. In such context TES is an enabling 

technology that allows to recover WH/C through other technologies which would be otherwise not 

possible. This is the case, for example, when WH/C fluctuates in times and WH/C utilization or 

valorisation does not match the WH/C availability. From technological prospective, sensible TES is 

well established and commercially available particularly for temperatures below 100°C (hot water 

tanks). For higher temperatures, options (such as molten salts tanks) are available from the solar 

thermal industry, although currently not utilized in industrial processes for the purpose of WH/C 

recovery. Latent heat TES using phase change materials (PCMs) is an attractive option which has 

drawn significant attention and has developed to a near-to-market stage. A limited number of 

suppliers exists with products mostly for domestic applications but suitable for low-grade WH. 

Thermochemical TES is currently at Research & Development although pilot systems (TRL 5) have 

been show-cased for both stationary and mobile application. A few technological challenges around 

thermochemical TES still remain unsolved, although the technology remains the most promising one 

due to high theoretical energy storage density, ability to store WH/C with near-zero losses and wide 

range of storage temperatures. 

  



 

Deliverable 1.6 report on H/C recovery / storage technologies and renewable technologies 
Page 6 of 270 

 
 

This project has received funding from  

ÔÈÅ %ÕÒÏÐÅÁÎ 5ÎÉÏÎȭÓ (ÏÒÉÚÏÎ ΨΦΨΦ ÒÅÓÅÁÒÃÈ ÁÎÄ ÉÎÎÏÖÁÔÉÏÎ 

programme under grant agreement No 847097 

!ÂÂÒÅÖÉÁÔÉÏÎÓ 
AHP: Absorption Heat Pump 

AHT: Absorption Heat Transformer 

ASHP: Air Source Heat Pump 

BF: Blast Furnace 

BTES: Borehole Thermal Energy Storage 

CAES: Compressed Air Energy Storage 

CAPEX:Capital Expenditure 

CHP: Combined Heat and Power 

COP: Coefficient of Performance 

CSP: Concentrating Solar Power 

DEN: Dearmean Engine 

DH: District Heating 

DHN: District Heating Network 

DHW: Domestic Hot Water 

DL: Dual loop ORC layout 

DP: Dual pressure ORC layout 

EAF: Electric Arc Furnace 

ECO: Economizer 

EGR: Exhaust gas Recirculation 

HER: Exhaust Heat Recovery 

GSHP: Ground Source Heat Pump 

GT: Gas Turbine 

HC: Hydrocarbon 

HE: Heat Exchanger 

HFC: Hydrofluorocarbon 

HP: Heat Pump 

HPHE: Heat Pipe Heat Exchanger 

HRSG: Heat Recovery Steam Generator 

HRVG: Heat Recovery Vapour Generator 

HS: Heat Source 

HT: High Temperature 

HTF: Heat Transfer Fluid 

HTHP: High Temperature Heat Pump 

HVAC: Heating, Ventilation and Air Conditioning 

ICE: Internal Combustion Engine 

KC: Kalina Cycle 

LAES: Liquid Air Energy Storage 

LHTES:Latent Heat Thermal Energy Storage 

LN: Liquid Nitrogen 

LNG: Liquefied Natural Gas 

LP: Low Pressure 

LT: Low Temperature 

M-TES: Mobilized Thermal Energy Storage 

MW: Molecular Weight 
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NG: Natural Gas 

NGCC: Natural Gas Combined Cycle 

NTU: Number of Transfer Units 

OCGT: Open Cycle Gas Turbine 

ORC: Organic Rankine Cycle 

OTSG: Once-through heat recovery steam generator 

PBT: Payback time 

PCM: Phase Change Material 

PHE: Plate Heat Exchanger 

PHES: Pumped Heat Energy Storage 

PSHE: Plate and Shell Heat Exchanger 

PTES: Pit Thermal Energy Storage 

PV: Photovoltaic 

RC: Recuperated ORC layout 

REC: Recuperator 

REG: Regenerator 

SE: Stirling Engine 

SIC: Specific Investment Cost 

Q: Heat duty 

sCO2: Supercritical CO2 power cycle 

SHE: Spiral Heat Exchanger 

SPHE: Spiral Plate Heat Exchanger 

SRC: Steam Rankine Cycle 

SSHT: Single Stage Heat Transformer 

STES: Sensible Thermal Energy Storage 

STHE: Shell and Tube Heat Exchanger 

T: Temperature 

Tamb: Ambient Temperature 

TCES: Thermochemical Energy Storage 

TE: Thermoelectric 

TEG: Thermoelectric generator 

TES: Thermal Energy Storage 

TMC: Transport Membrane Condenser 

TPV: Thermophotovoltaic 

TRL: Technology Readiness Level 

TTES: Tank Thermal Energy Storage 

VCHP: Vapour Compression Heat Pump 

VHTHP: Very High Temperature Heat Pump 

WF: Working Fluid 

WGTES: Water Gravel Thermal Energy Storage 

WH: Waste Heat 

WHB: Waste Heat Boiler 

WH/C: Waste Heat/Cold 

WHTP: Waste Heat to Power 

WHR: Waste Heat Recovery 

WHRB: Waste Heat Recovery Boiler 
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WHTH: Waste Heat to Heat 

WSHP: Water Source Heat Pump 

WtE: Waste to Energy 

Z: Figure of merit of a thermoelectric generator 

ZT: Dimensionless figure of merit of a thermoelectric generator 
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1 )ÎÔÒÏÄÕÃÔÉÏÎ  
This section has two main objectives: i) introduce the systematic classification of the WH/C recovery 

technologies adopted in this document and ii) illustrate the systematic approach adopted to review 

the existing literature in order to gather specific and quantitative information about each individual 

technology. In the following a subsection is dedicated to each one of the two objectives.  

1.1 $ÅÆÉÎÉÔÉÏÎ ÁÎÄ ÃÌÁÓÓÉÆÉÃÁÔÉÏÎ ÏÆ ×ÁÓÔÅ ÈÅÁÔ ÁÎÄ ×ÁÓÔÅ ÃÏÌÄ ÒÅÃÏÖÅÒÙ 
ÔÅÃÈÎÏÌÏÇÉÅÓ  

The diagram of Figure 1 illustrates the classes of WH/C recovery technologies considered in this 

document, as well as the specific technologies within each class. Technologies within each class are 

further grouped depending on the level of technological and commercial maturity. The following five 

classes were identified in order to cover all the WH/C recovery options currently technically feasible: 

1. Waste Heat-to-Heat (WHTH) technologies;  

2. Thermal Energy Storage (TES) technologies;  

3. Waste Heat-to-Cold (WHTC) technologies;  

4. Waste Heat-to-Power (WHTP) technologies;  

5. Heat Upgrade (HU) technologies. 

The individual technology within each class share the same fundamental underlying working 

principle. It is worthy therefore here to briefly define more precisely each class: 

Waste Heat-to-Heat (WHTH): class of passive WH/C recovery technologies designated to transfer a 

waste heat or waste cold stream to a lower temperature sink so that it can be reutilized by heat. No 

conversion or upgrade of the WH/C stream takes place. Example of WHTH technology: heat 

exchangers. 

Thermal energy storage (TES): class of passive technologies designate to store thermal energy (heat 

and cold options available) for subsequent use in time, bridging mismatch between thermal energy 

availability and thermal energy demand. This is a class of enabling technologies. TES can capture 

waste heat or waste cold for its subsequent reutilization but more advanced uses are possible by 

integrating TES with other WH/C recovery technologies. Example of TES technology: hot water 

storage tanks. 

Waste Heat-to-Cold (WHTC): class of technologies designated to produce cooling from WH. This is a 

class of active technologies which transforms the original WH stream. The WH stream is used to 

provide the energy necessary to drive the cooling process. The latter typically takes advantage of 

sorption phenomena involving a sorbent-sorbate pair. Example of WHTC technology: water-lithium 

bromide vapour absorption chiller.  

Waste Heat-to-Power (WHTP): class of technology designated to produce an electrical power output 

from WH. This is a class of active technologies which transform the nature of the original WH stream. 

More specifically, the WH stream is used to drive an energy conversion process. The latter can be of 

different nature; options include power cycles and thermo-electric materials, the suitability of which 

largely depend of the size of the WH sources as well as the WH temperature. Example of WHTP 

technology: steam Rankine power cycles.  
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Waste Heat upgrade (HU): class of technology designated to upgrade the original WH source. This 

means lifting the temperature at which WH is originally available. This is an active technology which 

alters the conditions at which WH is available but do not transform it into a different form of energy. 

In the most common instances HU requires an expenditure of electrical energy to uplift WH 

temperature, although HU technologies purely driven by heat are available. In such instance a cooling 

effect is also provided as by product.  Example of HU technology: vapour compression heat pumps.  

 

Figure 1: Classification of the technologies for recovery of industrial waste heat and waste cold. 

 

1.2 ,ÉÔÅÒÁÔÕÒÅ ÒÅÖÉÅ× ÍÅÔÈÏÄÏÌÏÇÙ ÁÎÄ ÍÁÉÎ ÌÉÔÅÒÁÔÕÒÅ ÓÏÕÒÃÅÓ 
A systematic approach was adopted to accurately capture the technological specifications, the typical 

performance, industrial applications and, where available, the costs of each individual technology 

listed in Figure 1. In this regard the literature was searched systematically. Three main categories of 

sources were considered: 

Peer-reviewed scientific publications: Scopus and Web of Science Database were used to sieve the 

publications in top-tier journal of energy research such as Applied Energy, Energy, Energy Conversion 

& Management, Applied Thermal Engineering, Renewable and Sustainable Energy Reviews. With the 

articles initially retrieved a forward and backward search was performed to identify further relevant 

papers that were cited. 

Technical reports from research institutions, governmental institutions and relevant research 

projects: online search was performed to identify and retrieve technical report which previously 

addressed WH/C recovery technologies and/or relevant topic in the proximity, for example energy 

efficiency in industrial processes. The search was directed at retrieving published work from highly 

esteemed institutions such as the US Department of Energy (DoE), UK Carbon Trust or the 

Department for Business, Energy & Industrial Strategy (BEIS). EU Cordis portal was also employed to 

identify recent or ongoing relevant projects and the corresponding public deliverables available.  
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Technical literature from technology manufacturers, suppliers and distributors. For each WH/C 

recovery technology already commercially available the main suppliers were identified. Where 

available technical literature from ÓÕÐÐÌÉÅÒÓȭ ÏÆÆÉÃÉÁÌ ×ÅÂÓÉÔÅÓ ×ÁÓ ÒÅÔÒÉÅÖÅÄ ÔÏ ÏÂÔÁÉÎ ÔÅÃÈÎÉÃÁÌ 

specifications of the technologies provided. 
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2 7ÁÓÔÅ ÈÅÁÔ ÔÏ ÈÅÁÔ ɉ7(4(Ɋ ÔÅÃÈÎÏÌÏÇÉÅÓ 
2.1 $ÉÓÔÒÉÃÔ (ÅÁÔÉÎÇ (ÅÁÔ %ØÃÈÁÎÇÅÒÓ ɉ$( (%ÓɊ 

According to (Frederiksen & Werner, 2013), the fundamental idea of district heating is to use local fuel 

or heat resources that would otherwise be wasted, in order to satisfy local customer demands for 

heating, by using a heat distribution network. Traditional excess heat resources are Combined Heat 

and Power (CHP) plants, Waste-to-Energy (WtE) plants, and industrial processes (S. Werner, 2017b). 

Industrial excess heat recovery from industrial processes (chemical industry, oil refineries) and 

recovered gases (e.g., black furnace gases) are in operation at about seventy locations in Sweden (S. 

Werner, 2017a). The enabling technology to recover the waste heat from industrial processes and 

transfer it to the district heating network (DHN) is the District Heating Heat Exchanger (DH HE). 

Several designs of Heat Exchangers (HEs) are available and currently used in the industrial sites to 

recover the waste heat. The Shell and Tube heat exchanger (STHE) and Plate heat exchanger (PHE) 

are the most common. In the following, the main features and operating conditions of these HEs are 

summarized. The focus is on the heat exchanger where heat is recovered from the industrial site. 

However, a brief paragraph is given about the typical design of HEs used in the district heating 

substations. 

2.1.1 Technological features and performance 

The main types of heat exchangers for district heating are the shell and tube HE, the plate HE 

(gasketed, brazed and welded), fin and tube coil, plate and shell and the spiral HE.  

2.1.1.1 Shell and Tube Heat Exchangers (STHEs) 

STHEs are built of round tubes mounted in a cylindrical shell with the tubes parallel to the shell (Kakac, 

Liu, & Pramuanjaroenkij, 2012). One fluid flows inside the tubes, while the other fluid flows across and 

along the axis of the exchanger. The major components of this exchanger are tubes (tube bundle), 

shell, front-end head, rear-end head, baffles, and tube sheets (Kakac et al., 2012). The simplest flow 

pattern through the tubes is for the fluid to enter at one end and exit at the other. This is a single-pass 

tube arrangement (Figure 2). To improve the heat transfer rate, higher velocities are preferred. This 

is achieved by increasing the number of tubeside passes. The number of tubeside passes generally 

ranges from one to eight (Thulukkanam, 2013). The standard design has one, two, or four tube passes. 

Longitudinal baffles divide the shell into two or more sections, providing multipass on the shellside. 

For exchangers requiring high effectiveness, multipassing on the shell side is adopted (Thulukkanam, 

2013), but multipassing on the shell with longitudinal baffles will reduce the flow area per pass 

compared to a single pass on the shellside. This drawback is overcome by shells in series (up to six in 

heat recovery applications) which is also equivalent to multipassing on the shellside (Thulukkanam, 

2013). STHEs employ low-finned tubes to increase the surface area on the shellside when the shellside 

heat transfer coefficient is low compared to the tubeside coefficient (e.g., when shellside fluid is highly 

viscous liquids, gases, or condensing vapours). STHEs provide relatively large ratios of heat transfer 

area to volume and weight and they can be easily cleaned. They offer great flexibility to meet almost 

any service requirement. STHEs can be designed for high pressures relative to the environment and 

high-pressure differences between the fluid streams (Kakac et al., 2012). 
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a) b) 
Figure 2: STHE: a) Schematic of a shell side condenser (Kakac et al., 2012); b) Picture of a STHE installed in a CHP 

district heating plant (G. Manente et al., 2018).  

 

2.1.1.2 Plate heat exchangers (PHEs) 

PHEs are built of thin plates forming flow channels. The fluid streams are separated by flat plates. 

PHEs are used for transferring heat for any combination of gas, liquid, and two-phase streams (Kakac 

et al., 2012). However, the characteristics of PHEs are such that they are particularly well suited to 

liquidɀliquid duties, whereas they are not recommended for gas-to-gas applications (Thulukkanam, 

2013). These heat exchangers can further be classified as gasketed plate, brazed plate and welded.  

¶ Gasketed Plate Heat Exchangers 

A gasketed PHE is usually comprised of a stack of corrugated metal plates in mutual contact, each 

plate having four apertures serving as inlet and outlet ports, and seals designed so as to direct the 

fluids in alternate flow passages (Figure 3). The flow passages are formed by adjacent plates so that 

the two streams exchange heat while passing through alternate channels. The number and size of the 

plates are determined by the flow rate, physical properties of the fluids, pressure drop, and 

temperature program (Thulukkanam, 2013). The plate corrugations promote fluid turbulence and 

support the plates against differential pressure. The stack of plates is held together in a frame by a 

pressure arrangement (Figure 4). The periphery of each plate is grooved to house a moulded gasket, 

each open to the atmosphere. Table 1 shows the main design features and parameters of the gasketed 

PHEs and Table 2 reports their main advantages.   

  
a) b) 

Figure 3: a) Diagram showing the flow paths in a gasketed PHE (Kakac et al., 2012); b) Schematic showing a 
Chevron plate (Thulukkanam, 2013). 
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Figure 4: Gasketed PHE ɉȰ3ÏÎÄÅØ - Plate heat excÈÁÎÇÅÒȟȱ ΨΦΨΦɊ. 

 

Table 1: Geometrical features, operational data and performance of gasketed PHEs (Thulukkanam, 2013). 

Parameter Value 

Maximum operating pressure (bar) 25÷30 

Maximum temperature (°C) 160÷200 

Maximum flow rate (m3/h) 3600 

Heat transfer area (m2) 0.1÷2200 

Number of plates <700 

Minimum temperature approach (°C) Є 1 

Heat recovery (%) < 93 

Common plate materials Stainless steel, Inconel, Cupronickel, Hastelloy, Incoloy, 
Titanium, Aluminium brass 

 

Table 2: Main features and benefits of gasketed PHEs (Thulukkanam, 2013). 

Feature Comment 

High turbulence and high heat transfer performance Very high heat transfer coefficients 

Reduced fouling Less need for frequent cleaning 

Cross-contamination eliminated The space between gaskets is vented to atmosphere 

True counterflow Possibility to reach higher temperatures of the 
heating medium 

Close approach temperature Є ΧЊ# 

Multiple duties with a single unit It is possible to heat or cool two or more fluids within 
the same unit 

Expandable Due to the modular construction 

Easy to inspect and clean and less maintenance It can be easily opened 

Lightweight Reduced liquid volume space and less surface area 
for a given application 

High-viscosity applications High-viscosity fluids in turbulent flow 
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¶ Brazed Plate Heat Exchangers 

Brazed PHE evolved from the conventional PHE in answer to the need for a compact PHE for high-

pressure and high-temperature duties. Like the gasketed PHE, the brazed PHE is constructed of a 

series of corrugated metal plates but without the gaskets (Thulukkanam, 2013). The plates are brazed 

together in a vacuum oven to form a complete pressure-resistant unit. Brazed PHEs accommodate a 

wide range of temperatures, from cryogenic to 200°C (Thulukkanam, 2013), and pressures up to 30 

bar (Hesselgreaves, Law, & Reay, 2017). Because of the brazed construction, the units are not 

expandable.  

¶ All-Welded Plate Heat Exchangers 

This design entirely eliminates the gaskets and by developing a fully welded plate exchanger further 

enhances the reliability as well as the temperature and pressure limits. Only chemical cleaning is 

possible. The absence of gaskets allows operational temperatures to 350°C and pressures up to 40 bar 

(Hesselgreaves et al., 2017). 

2.1.1.3 Compact Fin and Tube Coils 

Tube-fin HEs are widely used throughout the industry in a variety of applications. They are employed 

when one fluid stream is at a higher pressure and/or has a significantly higher heat transfer coefficient 

compared to the other fluid stream (Kakac et al., 2012). For example, in a gas-to-liquid exchanger, the 

heat transfer coefficient on the liquid side is generally very high compared to the gas side. Fins are 

used on the gas side to increase surface area. The most common materials for tubes and fins are 

copper, aluminium, and steel. For instance, Kelvion HE coils are manufactured with copper tubes and 

aluminium or copper fins ɉȰ+ÅÌÖÉÏÎ - #ÏÉÌÓȟȱ ΨΦΨΦɊ.  

 

 
 

 

 

a) b) 
Figure 5: a) Schematic of a tube-fin HE (Kakac et al., 2012); b) Fin and tube coils manufactured by Kelvion ɉȰ+ÅÌÖÉÏÎ 
- #ÏÉÌÓȟȱ ΨΦΨΦɊ. 

 

2.1.1.4 Plate and Shell Heat Exchangers (PSHEs) 

PSHEs combine the compact and counter current advantages of PHEs with the high pressure ratings 

of STHEs provided by the cylindrical shell ɉȰ'ÅÓÍÅØȟȱ ΨΦΨΦɊ. The core of this heat exchanger is a fully 

welded plate pack enclosed in a strong shell structure, which eliminates the need for a gasket 

ɉȰ6ÁÈÔÅÒÕÓȟȱ ΨΦΨΦɊ. This exchanger utilises a welded pack of corrugated plate pairs of circular 

planform with ports for one fluid at the extremes of a diameter, so that this fluid finds its own flow 

path within the plate planform. The other fluid is introduced through ports in the cylindrical shell and 
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is ducted across the plate pack in counterflow, as shown in Figure 6 (Hesselgreaves et al., 2017). 

Because of the feature of a cylindrical shell, the containment pressures are higher than for other plate 

types, with design pressures over 100 bar being quoted. The units sold by Alfa Laval are all-welded 

heat exchangers designed for use with liquids, gases and two-phase mixtures at temperatures up to 

540°C (Hesselgreaves et al., 2017). This plate-and-shell unit works well with aggressive media (e.g., 

organic solvents) that are beyond the capabilities of gasketed heat exchangers. Besides Alfa Laval, 

other manufacturers are Gesmex ɉȰ'ÅÓÍÅØȟȱ ΨΦΨΦɊ and Vahterus ɉȰ6ÁÈÔÅÒÕÓȟȱ ΨΦΨΦɊ. The main 

operating parameters reported by these manufactures are shown in Table 3. 

 

 
 

 

 
a) b) 

Figure 6: a) Schematic of the flow pattern in a PSHE (Hesselgreaves et al., 2017); b) Picture of a PSHE manufactured 
by Sondex ɉȰ3ÏÎÄÅØ - 0ÌÁÔÅ ÁÎÄ ÓÈÅÌÌ (8ȟȱ ΨΦΨΦɊ. 

 

Table 3: Operating parameters of PSHEs ɉȰ'ÅÓÍÅØȟȱ ΨΦΨΦɊ ɉȰ6ÁÈÔÅÒÕÓȟȱ ΨΦΨΦɊɉȰ!ÌÆÁ ,ÁÖÁÌ - PlatÅ ÁÎÄ 3ÈÅÌÌ (8Óȟȱ 
2020). 

Parameter Value 

Heat transfer surface (m2) 1÷1000 

Heat duty (kW) 10÷100000 

Maximum operating pressure (bar) 100÷400 

Maximum operating temperature (°C) 450÷600 

Minimum operating temperature (°C) -200 

 

2.1.1.5 Spiral heat exchangers (SHEs) 

SHEs are formed by rolling two long, parallel plates into a spiral using a mandrel and welding the 

edges of  adjacent plates to form channels (Kakac et al., 2012). One fluid enters the centre of the unit 

and flows towards the periphery. The other fluid enters the unit at the periphery and moves towards 

the centre ɉȰ!ÌÆÁ ,ÁÖÁÌ - 3ÐÉÒÁÌ ÈÅÁÔ ÅØÃÈÁÎÇÅÒÓȟȱ ΨΦΨΦɊ (Figure 7). The different media flow counter-

currently in these channels with no risk of intermixing. The channels are curved and have a uniform 

cross section. The two spiral paths introduce a secondary flow, increasing the heat transfer and 

reducing fouling deposits. These heat exchangers are quite compact but are relatively expensive due 

to their specialized fabrication. The SHE is particularly effective in handling sludge, viscous liquids, 

and liquids with solids in suspension including slurries (Kakac et al., 2012). The main features are 

shown in Table 4.  
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a) b) c) 

Figure 7: Spiral heat exchanger: a) Schematic of the flow pattern (Thulukkanam, 2013); b) Schematic of the flow 
pattern (Hesselgreaves et al., 2017); c) Spiral heat exchanger manufactured by Alfa Laval ɉȰ!ÌÆÁ ,ÁÖÁÌ - Spiral 
ÈÅÁÔ ÅØÃÈÁÎÇÅÒÓȟȱ ΨΦΨΦɊ. 

 

Table 4: Main features of spiral HXs (Kakac et al., 2012)ɉȰ!ÌÆÁ ,ÁÖÁÌ - 3ÐÉÒÁÌ ÈÅÁÔ ÅØÃÈÁÎÇÅÒÓȟȱ ΨΦΨΦɊ. 

Parameter Value 

Heat transfer surface (m2) 0.5÷2500 

Maximum operating temperature (°C) 400÷500 

Maximum operating pressure (°C) 15÷100 

 

2.1.1.6 Heat exchangers in the building substations 

The HE in the building is used to transfer the energy from the DH heating distribution system (primary 

system) to the building distribution system (secondary system). The heat exchanger provides the 

interface between the primary and secondary systems and ensures hydraulic separation is maintained 

at all times (Skagestad & Mildenstein, 2002). PHEs generally have a cost advantage and require less 

space compared with most standard STHEs. They require significantly less surface area, for the same 

operating conditions, than shell and tube units because they have much higher heat transfer rates. 

With plate exchangers, the approach temperature between the primary return and the secondary 

return is closer, generally 1÷2°C, compared with 6÷7°C for most STHEs (Skagestad & Mildenstein, 

2002). For this reason, DH operators often favour the plate type. Brazed PHEs tend to be smaller than 

gasketed PHEs as more surface area is devoted to heat exchange. They also do not require the level 

of maintenance required by the gasketed option. STHEs are still being used in some DH systems but 

are gradually being phased out, as they do not provide sufficiently low approach temperatures 

between primary and secondary side water. They also take up a lot of space. Shell and spiral tube heat 

exchangers do not share the disadvantages of other types of shell and tube heat exchangers, and are 

excellent for district heating applications (Skagestad & Mildenstein, 2002). 

2.1.2 Technology readiness level and examples of applications 

In the following the main experiences and studies reported in the literature of WHR from industrial 

sites and heat supply to the DHN are summarized. The aim of this section is to highlight some heat 

recovery option with high potential that have been implemented or investigated only recently.   

¶ Steel industry 

1) Heat recovery from slag. In (Yemao Li, Xia, Fang, Su, & Jiang, 2016) a scheme was proposed to 

integrate the surplus heat of two steel plants into a large-scale DHN. The steel plants purchase iron 

ore as raw material and produce steel products in four major processes: sintering, iron-making, steel-
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making, and steel-rolling. Three sources of surplus heat were identified as suitable for the district 

heating: 1) slag-flushing water of blast furnace (BF); 2) cooling water of blast furnace; 3) low-pressure 

mixed saturated steam produced in processes of steel-making and steel-rolling. The heat in cooling 

water and low-pressure steam are directly recovered by using conventional water-to-water and 

steam-to-water HEs having efficiencies close to 100%. Instead, the heat in slag-flushing water is 

recovered according to the scheme shown in Figure 8, where two main energy losses can be identified. 

The BF slag is quenched by water and is cooled from 1450°C to approximately 100°C. Putting the hot 

slag into the water leads to local boiling and a part of water flashes into steam. The rest heat of BF 

slag will be absorbed by the water resulting in temperature rise. The mixture of water and slag will 

flow into the sedimentation tank. The heat recovery efficiency, which is defined as the proportion of 

heating potential, is experientially estimated at approximately 52%, because heat is lost unavoidably 

during the quenching and the depositing. The demonstration project conducted since 2014 showed 

that the slag flushing water can provide up to 90.5 MW for DH and 15 MW for factory heating. 

 

 

Figure 8: Heat recovery from the blast furnace flushing water (Yemao Li et al., 2016). 

 

2) Electric Arc Furnace (EAF) off gas. Depending on the EAF operation and input materials, 

approximately 30% of the total energy input is dissipated to the off gas. The off gas is cooled down 

from approximately 1000°C by a water-cooled duct, followed by a second-stage gas cooler before 

entering the filter plant and the stack. In this cooling process, most of the energy is dissipated to the 

ambient (Fleischanderl, Steinparzer, & Trunner, 2017). Waste heat can be recovered by replacing the 

conventional water-cooled hot gas line by a heat recovery duct. In this case, the off gas cooling is done 

with pressurized water at elevated temperatures. As part of a revamp of the dedusting system of the 

EAF at a steel plant in Sweden, the recovered waste heat was used to generate hot water for DH. To 

equalize fluctuations of the EAF and to supply constant heat flow to the DHN, a thermocline-type 

buffer tank was implemented (Fleischanderl et al., 2017). In a recent project led by SIJ Metal Ravne 

(Slovenian steel group) the waste heat generated by the cooling system of the EAF is recovered by 

the installation of a 4.2 MW PHE (Figure 9). The recovered heat is used for space heating and domestic 

hot water heating ɉ+ÏÎÏÖĤÅË ÅÔ ÁÌȢȟ ΨΦΧέɊ for the community ÏÆ 2ÁÖÎÅ ÎÁ +ÏÒÏĤËÅÍ (Slovenia).  
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Figure 9: PHE (4.2 MW) for WHR from an EAF in a steel plant ɉ+ÏÎÏÖĤÅË ÅÔ ÁÌȢȟ ΨΦΧέɊ. 

 

3) Cooling process of hot steel slabs. The recovery of surplus heat from a cooling facility at a steel mill 

in Aviles (Spain) is investigated in (Villar, Parrondo, & Arribas, 2014). Hot slabs enter into the last 

building at about 500°C and are progressively removed when their temperature has decreased at least 

250°C. Cooling of the slab stacks typically occurs by thermal radiation toward the building boundaries 

and by natural convection to the surrounding air. The proposed WHR solution, shown in Figure 10, is 

formed by: a) Hoods in the cooling facility above the lines of slab  stacks to accumulate and collect hot 

air (above 180°C); b) Thermally insulated air duct and fan to drive hot air from hoods through the 

primary HE; c) STHE to heat the DH water. 

 

Figure 10: WHR from hot steel slabs and heat supply to the DHN (Villar et al., 2014). 
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Table 5: WHR from the steel industry and heat supply to DHNs. 

TRL Plant Location Heat source/s 
T heat 
sources 

(°C) 

Q heat 
sources 
(MW) 

Reference 

9 Steel 
Ravne na 
+ÏÒÏĤËÅÍ 
(Slovenia) 

Cooling system EAF / 4.2 
ɉ+ÏÎÏÖĤÅË ÅÔ ÁÌȢȟ 

2017) 

9 Steel Sweden Off gas from EAF ЄΧΦΦΦ / 
(Fleischanderl et 

al., 2017) 

7 Steel 
Qianxi 
(China) 

1) Slag-flushing water 
2) Cooling water of BF 

3) Low-pressure steam (4 bar) 

1) <100 
2) 35÷45 
3) 143 

1) 188.4 
2) 156.7 

3) 52 

(Yemao Li et al., 
2016) 

N/A Steel 
Aviles 
(Spain) 

Cooling air steel slabs 180 1.1 
(Villar et al., 

2014) 

 

¶ Gas refinery plant 

In the gas refinery plant reported in (Zebik, Baliko, & Mont, 1997) there was a potential of 54.2 MW of 

recoverable waste heat from different waste heat sources as shown in Table 6. Figure 11 shows the T-

Q chart of waste heat that can be utilized for DH. On the basis of Figure 11, it can be seen that in case 

of heating to 80°C all the heat can be utilized in theory. Instead, in case of heating to 100°C and 130°C 

it is impossible to use all the available heat sources. For instance, when utilization of waste heat is 

assumed with a minimum Dt = 10°C between the heating and cooling mediums, then the available 

heat at temperature of 100°C is 42.14 MW. The resulting heat transfer network of maximum energy 

recovery is quite complex. A much simpler heat transfer network can be obtained leaving out the heat 

flows from both the gas engine and the electric motor-driven compressors, as shown in (Zebik et al., 

1997).  

 

 

Table 6: Waste heat recovery from a gas refinery plant and heat supply to DHNs. 

TRL Location Plant Heat sources Tin / Tout (°C) Q (MW) Reference 

N/A Budapest 
(Hungary) 

Gas 
refinery 

1) Cold water circuit 
2) Condensers 

3) Hot water circuit 
4) Gas cooling from 

compressors 
5) Flue gas from boiler 

house 
6) Flue gas from pipe 

kiln 
7) Exhaust gas from gas 

compressors 
8) Torch-gas 

1) 50/45 
2) 53÷ 70/53÷70 

3) 83/75 
4) 100÷120/50 

5) 160/130 
6) 320/30÷130 

7) 450/130 
8) 1000/500 

1) 3.2 
2) 19.8 
3) 5.7 
4) 8.6 
5) 0.9 
6) 4.25 
7) 5.3 
8) 6.5 

(Zebik et 
al., 1997) 
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Figure 11: T-q diagram of waste heat utilization in the gas refinery plant for three different district heating supply 
temperatures (80°C, 100°C and 130°C) and a return temperature of 40°C. 

 

¶ Aluminium industry 

Primary aluminium production takes place in three major stages: bauxite mining, alumina refining and 

aluminium smelting (Fleer, Lorentsen, Harvey, Palsson, & Saevarsdottir, 2010). The aluminium 

smelting process reduces the alumina to aluminium in electrolytic cells, also called reduction cells or 

pots. The process is called Hall-Héroult process. In the Hall-Héroult process liquid aluminium is 

produced by the electrolytic reduction of alumina (Al2O3) dissolved in an electrolyte bath. A typical 

reduction cell consists of an anode and a cathode to apply a continuous high amperage and low 

voltage current to the electrolyte bath (Figure 12 left). During normal cell operation, the electrolyte 

bath has a temperature of around 955-965°C (Fleer et al., 2010). Below the electrolyte bath there is a 

pool of liquid aluminium, which is contained in a carbon lining. The carbon lining is thermally insulated 

by refractory and insulation materials inside a steel shell. As a result of the Hall-Héroult process, solid 

and gaseous emissions are released while aluminium is produced in the cells. Thus, each cell is covered 

by a hooding system which is connected to an individual exhaust duct (Fleer et al., 2010). The exhaust 

gas from the cells is collected in ductwork, which leads to one or more fume treatment plants. Figure 

12 left provides a schematic representation of the distribution of energy flow and the main heat losses 

in the aluminium production highlighted using yellow arrows. Approximately 30-45% of the total 

waste heat is carried away by the exhaust gas which is drawn from the cell (M. Yu, 2018). During the 

production of aluminium, exhaust gas is collected from each cell and transported to a gas treatment 

unit where the pollutant gases are removed. The exhaust gas enters the gas treatment unit at 110°C 

and exit at 95°C through the stack (Haraldsson, 2019). In the investigated WHR scheme shown in 

Figure 12 (right) the district heating HE was placed upstream of the gas treatment unit (position A) 

taking into account the higher temperature and other successful experiences of installation of HEs on 

the dirty side. More than 20 MW of waste heat could be recovered by cooling the gases from 110°C to 

the acid dew point of 84°C. Figure 13 shows the integration of the DH HEs into the plant where only 

half of the exhaust gases are used to fulfil the limited users` demand. The exhaust gases leaving the 

pot rooms at 110°C are cooled to 98°C and admitted to the gas treatment unit. On the cold side, the 

return water is heated up to 80°C and supplied to the DHN. The overall heat duty of the HE units is 5.2 

MW. A vertical counterflow shell and tube design is selected where the dirty exhaust gas flows inside 

the tubes and the water is heated on the shell side, to avoid fouling (vertical) and simplify the cleaning 
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process (gas in tube). It was demonstrated on the real field (STHE in Mosjøen, Norway) that the 

placement of this type of STHE on the dirty side is possible without having to clean it  for 8+ years 

running, while still maintaining an acceptable heat transfer coefficient (Haraldsson, 2019).  

 

 

 

 

a) b) 
Figure 12: a) Heat losses from a typical Hall-Héroult cell (M. Yu, 2018); b) Possible locations (A or B) for a DH HE 
linked to a pot line (Fleer et al., 2010). 

 

Table 7: WHR from an aluminium plant and heat supply to DHNs.  

TRL Plant Location Heat source Inlet T (°C)  Q (MW) Reference 

N/A Aluminium 
Fjarðaál 
(Iceland) 

Exhaust gas (dirty) 110 5.2 
(Haraldsson, 

2019) 
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Figure 13: Heat recovery from the exhaust gas of an aluminium plant and heat supply at 80°C (Haraldsson, 2019). 

 

¶ Data centres 

The temperature of captured waste heat depends on the location where it is captured and on the 

cooling technology. In air-cooled data centres waste heat can generally be captured between 25 °C 

and 35 °C. In liquid cooled stations, waste heat can be captured closer to processors, where operating 

temperatures are higher and therefore the captured waste heat is of a higher temperature, e.g. 50÷60 

°C (Wahlroos, Pärssinen, Manner, & Syri, 2017)(Davies, Maidment, & Tozer, 2016a). In low-

temperature district heating networks (LT DHNs) water supply temperature can be lower than 50°C 

and the return temperature close to 20°C. Since the supply water temperatures are below 50 °C, 

waste heat from liquid cooled data centres could be directly fed to the LT DHN without the heat pump 

(HP), especially for data centres with modern cooling technologies, which allow high WHR 

temperatures (Wahlroos et al., 2017).  

¶ Pulp mill 

The Kraft pulping process is the prevalent manufacturing process, on a world scale, by which wood 

chips are reduced to paper pulp, the intermediate material from which the paper products are made. 

The core of the Kraft process is a chemical delignification step in which the individual cellulosic fibres 

are separated to form the pulp. The thermal energy required for the various process operations is 

produced in recovery boilers where the spent liquor and the wood residues are burnt to generate 

process steam (Figure 14a). In an efficient mill an excess steam production capacity is available that 

could be used to supply the heat demand of an adjacent DHN, as investigated in (Marinova, Beaudry, 

Taoussi, Trépanier, & Paris, 2008). The main transfer station in Figure 14b includes a HE where heat 

from steam desuperheating and condensation is transferred to the hot water which circulates in the 

distribution network. The distribution network consists of two parallel main ducts, one for the 

outgoing hot water (110°C) from the main transfer station and one for the returning cooled water 

(90°C). An exemplary utilization of the the excess heat in a pulp mill to feed a DHN is Södra Cell Värö 




































































































































































































































































































































































































































