sowHot)

H2020 Work Programme

SOWHat

$ X8 2%0/ 24 [ . ( T # 20
34/ 2! "' % 4%# (.1 ,1" )9
2%. %7'", % 4%#H( ./, ") %
, AAA #1 BOOAAOI O¢g

Date: 11/03/2021

AEEO DPOI EAAO EAO OAAREOAA /EO1T AET ¢ £OI T OEA %OOI
progranme under grant agreement No 84709 content of publication is the sole responsibility of

the author(s). The European Commission or its services lbarireld responsible for any use that may
be made of the information it contains.

Deliverable 16 report onH/Crecovery / storage technologies and renewable technologies

. . : ) Pagel of 270
Horizon 2020 This project has received funding from 9

European Union Funding OEA ®»OOI PAAT S5TEITB8O0 (1 O0OEU
for Research & Innovation programme under grant agreemeiNo 847097




SOWHat

Projecttitle
Supporting new Opportunities for Waste Heat And cold valorisation Towards EU decarbonizg
Project acronym| SO WHAT Start/ | June 201936 months)

Duration

Coordinator| RINA Consilting - RINAC

Website| www.sowhatproject.eu

Deliverable details
Number| 1.6

Title | Report on H/C recovery/storage technologies and renewable technologie

Work Packagg 1

Dissemination| PU =Public Nature | Report
level

Due date (M)| 29/02/2020 Submission date (M)| 29/02/2020

Deliverable| University of Birmingham UoB
responsible

L PU = Public
CO = Confidential, only for members of the consortium (including Commission Services)
Deliverable 16 report onH/Crecovery / storage technologies and renewable technologies

Horizon 2020 This project has received funding from Page2of 270

European Union Funding OEA ®»OOI PAAT S5TEITB8O0 (1 O0OEU
for Research & Innovation programme under grant agreeméiNo 847097




— sowHat

Beneficiary

Deliverable | Adriano Sciacovellidniversity of Birmingham
leader

Contributing | AdrianoSciacovelli (UoB)Giovanni Manente (UoBJrancisco Morentin (CAR),
Author(s) Giorgio Bonvicini (RINA), Carolina Ferrando (RINZ)

Reviewer(s) | RNA-C, 2GOOUT

Final review | Francesco Pecciant29/02/2020

and quality UpdateF. Pecianti (11/03/202)
approval

Document History
Date Version | Name Changes
14/02/2020 | 1.0 Adriano Initial draft for review
Sciacovelli
28/02/2020 | 2.0 Adriano Final Vesion
Sciacovelli,
Giovanni
Manente
29/02/2020 | Final Francesco Quality check
Peccianti
10/032021 Update | G.Manente Update according tofeedback from externa
reviewers(notably chapters 27 and 5.6)

Deliverable 16 report onH/Crecovery / storage technologies and renewable technologies

Horizon 2020 This project has received funding from Page30f270

European Union Funding OEA ®»OOI PAAT S5TEITB8O0 (1 O0OEU
for Research & Innovation programme under grant agreeméiNo 847097




SOWHat
%WBAAOOEOA OOI T AOU

A wide range of waste heaind cold (WH/C) recovery technologies in industry are presemdilable.
They greatly differ in terms of operating principle and operating conditions, target applications,
development stage, costs and benefits. The overarching aim of this deliverablerefore to publicly
provide to stakeholders a comprehensive amndfied view of the currently existing portfolio of WH/C
recovery technologiesind provide a robust basfsr the SO WHAT tool development and specific
applications The specific objectivesf this document arei) systematically classify WH/C recovery
technologiesii) review the features and statef-the-art performance of each technology considered
iif) examine the typical industrial applications of each technology identify emergingnearto-
market WH/C recovery technologies and their potentialeTdocument is structured into five main
sections, each one dedicated to a macro category of WH/C recovery technology:

1. Heatto-Heat technologies;

2. Thermal Energy Storage technologies;
3. Heatto-Cold technologies;

4. Heatto-Power technologies;

5. Heat upgra technologies.

Within the section of each macrcategory, the individual technologies are reviewed with a focus on
operating principle, performance, typical applications and development staffhere available
technological advancement from recent H2020 prcig are highlighted.

A mixture of consolidated and nedo-market WH/C recovery technologies has emerged from the
systematic review carried out here, which demonstrate the latgding utilzation of WH/C
technologies but also the need and the ongoingeeffin technological development for difficulio-
recover WH/C. Most of the passive WH/C recovery technologies, which use heat/cold direttdy or a
lower temperature level, are already corigtated from technological and commercial point of view.

This is the case for heato-heat technologies such as conventional heat exchangers,
recuperators/regenerators, economizers and waste heat boilers which have been extensively used to
valorisemedium-to-high grade heat. In this area the technological developmeprisarily 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 ofgdigatheat exchangers.

Active technologies (Heato-Power clasand 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 intoedricity are well consolidated Hedb-Power
technologies, withboth technology suppliers and extensive kndww available from the power
sector industries. Mido-low temperature power cycles see a mixture of niche commercial
applications and of neato-market solutions that necessitate further development mainly aohet
reducing specific costs dum intrinsically lower thermodynamic performance. This is the case for
Organic Rankine Cycles (ORCs) and Kalina cyclesshélé ORCs are commercially avaitabia a
selected number of suppliers. Conversely, commercialliappons of small scale ORCs (kW scale)
remains prohibitive due to cogperformance limitations. Here, technological development is
primarily aimed at developing morefficient expanders anevaporators in order to increase overall
cycle performance. Onhie other hand, Kalina technology appears to be commercially available but
only from one supplier whichossesdoth IP rights as well as the specialized knowledge to design
and installation éthe technology. Further near to market Hesd-power technologés have been also
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identified. These includes thermoelectric technologies for direct conversion of WH through Seebeck
effect and cryogenic technologies using the phase change (vaporizaticeryofenic working fluids
(for example liquid nitrogen) to genet@mechanical power as well as cooling effect as -gimduct.

The class of Heat Upgrade technologies is dominated by Heat Pumps (HPs). Air source, ground source
and water source HPs are vely commercially available and already employedvalorisationof WH

by increasing the temperature at which it is available. The vast majority of HPs commercially available
are electrial-driven vapour compression systems. Such feature creates furthpopnity for WH
valorisationand energy flexibility through couimg of thermal and electrical supply/demand. Most of

the technological advancement in HPs technology dentred on the development of high
temperature HPs for heat upgrade/supply above 140°C. A limited number of high temperature

HPs is currently comnreially for industrial applications

Within the context of Heat upgrade and cooling productioApsorption heat pumps (AHP),
absorption heat transformers (AHT) and absorption chiller areaative options forvalorisationof
WH/C. Absorption technologiesare thermally driven with minimal or negligible electricity
consumption. Therefore, they can be driven purely through a suitable stream of WH. Technological
development is mostly concentrattaround AHTs with neain-market systems currently available.

Thermal energy storage (TES) class also see a mixture of well established (sensible thermal energy
storage), and neato-market (latent heat and thermochemical energy storage) technologieshiwvi

the context of WH/Gralorisation TES technologies provideportfolio 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 typeks Bperation has been implemented for
WH/C recovery within the t& of industrial processes. Mobile TES applications have been also
envisioned with the aim of store WH/C from an industsiéd to then deliver it to a nearby user (up to
about 20km from the WH source). Latent TES and thermochemical TES are particplanyising in

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

More advanced applications of TES technology involve the synergic integration of TES with WH/
source, other WH/C recovery technologies and the demand sidsut¢h context TES is an enabling
technology that allows to recover WH/C through other teclogies which would be otherwise not
possible. This is the case, for example, when WH/C fluctumtetimes and WH/C utilization or
valorisationdoes not match theVH/C availabity. From technological prospective, sensible TES is
well established and commercially available particularly for temperaturelow 100°C (hot water
tanks). For higher temperature®ptions (such as molten salts tanks) are available from dblar
thermal industry, although currently not utilized in industrial processes for the purpose of WH/C
recovery. Latent heat TES using @®change materials (PCMs) is an attractive option which has
drawn significant attention anchas developed to a nearto-market stage. A limited number of
suppliers exists with products mostly for domestic applications but suitable forgmade WH.
Thermodtemical TES is currently at Research & Development although pilot systems (TRL 5) have
been showcased for both stdbnary and mobile application. A few technological challenges around
thermochemical TES still remain unsolved, although the technology resitie most promising one

range of storage temperatures.
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AHP: Absorption Heat Pump

AHT: Absorption Heat Transformer
ASHP: Air SourceHeat Pump

BF:  Blast Furnace

BTES: Borehole Thermal Energy Storage
CAES: Compressed Air Energy Storage
CAPEXCapital Expendure

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

ECQ Economizer

EGR Exhaust gas Recirculation

HER: Exhaust Heat Recovery

GSHP Ground Source Heat Pump

GT.  GasTurbine

HC  Hydrocarbon

HE  Heat Exchanger

HFC Hydrofluorocarbon

HP: Heat Pump

HPHE Heat Pipe Heat Exchanger

HRSG Heat Recwery Steam Generator
HRVG Heat Recovery Vapour Generator
HS:  Heat Source

HT:  High Temperature

HTFE 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
LHTESLatent Heat Thermal Energy Storage
LN:  Liquid Nitrogen

LNG: Liquefied Natural Gas

LP: LowPressure

LT: Low Temperature

M-TES Mobilized Thermal Energy Storage
MW:  Molecular Weight
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NG: Natural Gas

NGCC Natural Gas CombinedyCle

NTU: Number of Transfer Units

OCGT Open Cycle Gas Turbine

ORC Organic Rankine Cycle

OTSG Oncethrough heat recovey steam generator
PBT: Payback time

PCM Phase Change Material

PHE Plate Heat Exchanger

PHES Pumped Heat Energy Storage
PSHE Plateand 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 Exciinger

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 Temperture Heat Pump
WFE  Working Fluid

WGTES Water Gravel Thermal Energy Storage
WH: Waste Heat

WHB: WasteHeat 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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This sectiorhas 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 gathespecific and quantitativéenformation about each individual
technology. In the following a subsection is dedicated to each one of the two objectives.

11 $AEZET EOCETT AT A Al AOOEZAEAAOQET I
OAAET T 11 CEAO

The diagram ofFigure 1 illustrates the classes diVH/C recovery technologies considered in this

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

further grouped depending on the level of technological and commercial maturity. The following five
classes wre identified in order to cover all the WH/C recovery options currently technically feasible:

1. Waste Heatto-Heat (WHTH) technologies;
Thermal Energy Storage (TES) technologies;
Waste Heatto-Cold (WHTC) technologies;
Waste Heatto-Power (WHTP) technolpies;
Heat Upgrade (HU) technologies.

a0

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 Heatto-Heat (WHTH) class of passiv&/H/C recovery technologies designated to transfer a
waste heat or waste cold stream to a lower temperature sink so that it can bdizedtby heat. No
conversion or upgrade of the WH/C stream takes plaégample ofWHTH technology heat
exchangers.

Thermal energy storage (TESElass of passive technologies designate to store thermal energy (heat
and cold options available) for subseaqi use in time, bridging mismatch between thermal energy
availability and thermal energy demand. This is a class obkmg 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 technologi&ample ofTEStechnology hot water
storage tanks.

Waste Heatto-Cdd (WHTC)class of technologies designated to produce cooling from WH. This is a
class of active technologies which transforms the orad WH stream. The WH stream is used to
provide the energy necessary to drive the cooling process. The latter typieddhs advantage of
sorption phenomena involving a sorbesbrbate pair.Example of WHTC technologyater-lithium
bromide vapourabsorgion chiller.

Waste Heatto-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 usexdrive an energy conversion process. Tditer can be of
different nature; options include power cycles and thermlectric materials, the suitability of which
largely depend of the size of the WH sources as well as the WH temper&ixaenple of WHT
technology steam Rankine power cycles.
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Waste Heat upgrade (HUXlass 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 conditbns at which WH is available but dot 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 chnisgtance a cooling
effect is also proded as by productExample oHUtechnologyvapourcompression heat pumps

IWH/C
Industrial Waste Heat/Cold

\Waste Heat to Heat Thermal Energy Storage Waste Heat to Cold
{ * Districtheating *  Onsitesensible *  Sorption chillers
.

heat exchangers Dual-media
Available

Condensation sensible (N2M)
heat recovery On site latent
Economizers
Waste heat
hoilers
Recuperators
Regenerators
Heat pipe heat
exchangers
Heat pipe based
economizers

(N2M)

Available/ Nearto
Market (N2M)

Waste Heat to Power Heat Upgrade

Vapour
compression
heat pumps
Absorption

heat pumps

Available

Steam Rankine Cycle
Organic Rankine
Cycle (ORC)

ORC with direct heat
exchange (N2M)

Available/ Nearto
Market (N2M)
Availablef Nearto
Market (N2M)

*  Absorption heat
transformers

Nearto Market {N2M)

Kalina Cycle
Supercritical CO,
cycle

Stirling Engine
Thermoelectric
generator
Thermophotovoltaic
generator

LAES

Dearman Engine

Nearto Market (N2M)

Off site latent
Off site
thermochemical

Near to Market (N2M)

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

12, EOAOAOOOA OAOEAx [ AOQOET AT 1T CU Al
A systematic approach was adopted to accurately capture the technological spé¢idifisathe typical
performance, industrial applications and, where available, the costs of each individual technology
listed inFigurel. In this regard the literature was searched systematicallytee main categories of

sources were considered:

Peerreviewed scientific publicationsScopus and Web of Science Database were tseieve the
publications in toptier journal of energy research such Agplied Energy, Energy, Energy Conversion
& Managment, Applied Thermal Engineering, Renewable and Sustainable Energy. Réifethe
articles initially retrieved a forward and backward search was performed to identify furélevant
papers that were cited.

Technical reports from research institutien governmental institutions and relevant research
projects online search was perforrdeto identify and retrieve technical report which previously
addressed WH/C recovery technologies and/or relevant topic in the proximity, for example energy
efficiency n industrial processes. The search was directed at retrieving published work frony highl
esteemed institutions such as the US Department of Energy (DoE), UK Carbon Trust or the
Department for Business, Energy & Industrial Strategy (BEIS). EU Cordis\wagallso employed to
identify recent or ongoing relevant projes&nd the correspondingublic deliverables available.

Deliverable 16 report onH/Crecovery / storage technologies and renewable technologies

. . . . Pagel3of 270
R Horizon 2020 This project has received funding from 9

O - iropean Union Funding OEA ®»OOI PAAT S5TEITB8O0 (1 O0OEU
25 for Research & Innovation programme under grant agreememo 847097



SOWHat

Technical literature from technology manufacturers, suppliers and distributérsr each WH/C

recovery technology already commerciallyailable the main suppliers were identified. Where

available technical literature fronOOPBD1 EAO0OS6 1 £AAEAEAT xAAOEOAO xAO
specifications of the technologies provided.
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According to(Frederiksen & Werner, 2013he fundamenal idea of district heating i® use local fuel

or heat resources that would otherwise be wastadprder to satisfy local customer demands for
heating, by using a headlistribution network Traditionalexcess heat resources a@embined Heat

and Power (CHP) plantsWasteto-Energy (WtE) plants, and industrial procesg8sWerner, 2017h)
Industrial excess heat recovery from industrial procesggsemical industry, oil refineriesand
recovered gaseée.g.,black furnacegases are in operation about seventylocationsin Sweden(S.

Werner, 2017a)The enabling technology to recover the waste heat from industrial proceases
transfer it to the district heating nevork (DHN)is the District Heating Heat Exchanger (DHE).

Several desigsof Heat Exchangers (HE&Je available and currently used in the industrial sites to
recover the waste heat. Th8helland Tube heat exchager (STHE) and Plate heat exchangelPHE

are themostcommon. In the followingthe main features and operating conditions of theld&sare
summarized.The focus is on the heat exchanger where heat is recovered from the industrial site.

However, a briefparagraph is given about the typical desigf HEs used in the district heating
substations.

2.1.1 Technological featuresand performance

The main types of heat exchangers for district heating are the shell and kifhethe plate HE
(gasketed, brazed and welded)n and tube coil, plate and shell arttetspiraHE

2.1.1.1 Shell and Tube Heat Exchang¢5THES)

STHEsre built of round tubes mounted in a cylindrislkell with the tubes parallel to the sh@{akac,

Liu, & Pramuanjaroenkij, 2012pne fluid flows inside theibes, while the other fluid flows across and
along the axis of the exchangerhe major components of this exchanger dubes (tube bundle),
shell,front-end head rearend head, baffles, and tube shedtsakac et al., 2012)he simplest flow
pattern through the tubes is for the fluid to enter at one end and exit at the other. This isla-pags
tube arrangementFigure2). To improve the heat transfer rate, higher velocities are preferred. This
is achieved by increasing the number of tubeside passhs.number of tubeside passes generally
ranges from one to eighfThulukkanam, 2013)he standard design has one, two, or four tube passes.
Longitudinal baffles divide the shell into twar more sections, providing multipass on the shellside
For exchangers requiring high effectiveness, multipassinghe shell sidésadopted(Thulukkanam,
2013) but multipassing on tle 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 ifupettesix in
heat recovery applicationsyhich is also equivalent to multipassing on the shdégiThulukkanam,
2013) STHE:mploy lowfinned tubes to increase the surface area on the shellside when the shellside
heat transfer coefficient is low compared to the tubeside coefficie.g., when shellside fluid is highly
viscous liquids, gases, or condensing vash STHEgrovide relatively large ratios of he#étansfer
area to volume and weight and they can be easily cleaned. ®ffeygreat flexibility to meet almost
any serviceequirement.STHEscan be designed for high pressunedative to the environment and
high-pressure differences between the flustreams(Kakac et al., 2012)
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Figure2: STHE: a) Scheatic of ashell side condens@fakac et al., 2012p)Picture of & THEnNstalled in a CHP
district heating plan(G. Manente et al., 2018)

2.1.1.2 Plate heat exchanger(PHES)

PHEsare built of thin plates forming flow channels. The flgilleams are separated by flat plates.
PHEsare used for transferring heat for ampmbination of gas, liquid, and twphase stream¢Kakac

et al., 2012)However, he characteristics of PHEs are such that they are particularly well suited to
liquidzliquid duties whereas they are not recommended foagto-gas applicationgThulukkanam,
2013) These heat exchangeran further be classified as gasketed plateazedplate and welded.

I Gasketed Plak Heat Exchangers

A gasketedPHE is usually comprised of a stack of corrugateztal platesin mutual contact, each
plate having four apertures serving as inlet amatlet ports, and seals designed so as to direct the
fluids in alternate flow passagdbigure3). The flow passagesre formed by adjacent plates so that

the two streams exchange heat while passing throwgternate channels. The number and size of the
plates are determined by the flow rate, physical properties of the fluidessure drop, and
temperature program(Thulukkanam, 2013)The plate corrugations promote fluithrbulence and
suppat the plates against differential pressure. The stack of plates is held together in a frame by a
pressure arrangemen(Figure4). The periphery of ach plate is grooved to house a mided gasket,

each open to the atmospherd@ablelshows the main design features and parameters of the gasketed
PHEs and able2 reports their main advantages.

Aperture

! Gasket
- p

f E B = Chevron angle

)
I \— Corrugations
"
I

b)
Figure3: a)Diagram showing the flow paths in a getgldPHE(Kakac et al., 2012h) Schematic showing a
Chevron plat€Thulukkanam, 2013)
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Tablel: Geometrical features, operational data and performance of gasidiEgThulukkanam, 201.3)

Parameter Value
Maximumoperating pressure (bar) 25+30
Maximum temperature (°C) 160+200
Maximum flow rate (r/h) 3600
Heat transfer area () 0.1+2200
Number of plates <700
Minimum temperature approach (°C) €1
Heat recovery (%) <93
Common plate materials Stainless steel, Inconel, Cupronickel, Hastelloy, Incoloy,
Titanium, Aluminium brass

Table2: Main features and benefits of gaske®étEqThulukkanam, 2013)

Feature Comment

High turbulence and high heat transfer performan{ Very high heat transfer coefficients

Reduced fouling Less need for frequent cleaning

Crosscontamination eliminated The space between gaskets is vented to atmosph!

Truecounterflow Possilility to reach higher temperatures of the
heating medium

Close approach temperature € X H#

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

Expandable Due to the modularconstruction

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

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

High-viscosity applications High-viscosity fluidsn turbulent flow
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Brazed PHE evolved from the conventional PHE in answer to the need for a compact PHE fer high
pressure and higltemperature duties. Like the gasketed PHE, the brazed PHE is constructed of a
series of corrugated metal plates bwithout the gasketq Thulukkanam, 2013)he plates are brazed
together in a vacuum oven to form a complete presstgsistant unit. Brazed PHEs accommodate a
wide range of tempeatures from cryogenic to 200°CThulukkanam, 2013)nd pressures up to 30
bar (Hesselgreaves, Law, & Rea30)17) Because of the brazed conattion, the units are not
expandable.

I Brazed Plate Heat Exchangers

1 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 tenmpture and pressure limits. Only cheeal cleaning is
possibleThe absence of gaskets allows operational temperature330°Cand pressures up to 40 bar
(Hesselgreaves et al., 2017)

2.1.1.3 Conpact Fin and Tube Coils

Tube-fin HEsare 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 strearfiKakac et al., 2012JFor example, in a gas-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 afidge most common materials forubes and fins are
copper,aluminium, and steelFor instanceKelvionHEcoils are manufactured with copper tubes and
aluminiumor copper fing O+ AI#GEHI11Oh6 WYowo(q

Liquid flow

Figure5: a) Schematic of a tubin HE(Kakac et al., 201:2)) Fin and tube coils manufactured by Kelyidd+ AT OET 1
-#1 E1 Oho WYovwo(Qq

2.1.1.4 Plateand Shell Heat Exchange(PSHES)

PSHEsombine thecompact and countecurrent advantages oPHEswith the high pessure ratings
of STHE9rovided bythe cylindrical shefl O' A O A @Thé core df tHi® Ikat exchanger is a fully
welded plde packenclosed in a strong shell structure, which eliminates the need for a gasket

planform with ports for one fluid at thextremes of a diameter, so that this fluid finds its own flow
path within theplate planform. The other fluid is introduced through ports in the cylindrstedll and
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is ducted across the plate pack @ounterflow, as shown irFigure 6 (Hesselgreaves et al., 2017)
Because of the feature of a cylindail shell, the containment pressures drigher than for other plate
types, with design pressures/er 100 barbeing quoted.The unis sold by Alfa Lavaare all-welded
heat exchangers designed for use with liquigases and twephase mixtures at temperatures up to
540°C(Hesselgreaves et al., 2017This plateand-shell unit works well witlaggressive medide.g.,
organicsolventg that are beyond the capabilities of gasketed hestchangers. Besides Alfa Laval,

b)

Figures: a) Schematic of the flow pattern iR&HEHesselgreaves et al., 2Qbj)Picture of RSHEmanufactured

by Sondex O3 1 j0A MA@ A AT A QEAI I

(8ho

Yowoq

Table3: Operating parameters BSHE§ O' A O A @06 AE DV G0 hi 6EARMMUAMR IA 3 EAT |

2020)
Parameter Value
Heat transfer surface (1) 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 heatexchanges (SHES)

SHEsare formed by rolling two long, palel platesinto a spiral using a mandrel and welding the
edges ofadjacent plates tdorm channelgdKakac et al., 2012Dne fluid enters the centre of the unit
and flows towards the periphenf.he other fluid enters thenit at theperiphery and moves towards

thecentrej O! 1 AA3 B EAGOMI|

EAAO A@duteA e differérit deditfibw coanter

currentlyin these channels with no risk oftermixing. The channels areurved andhave a uniform
cross sectionThe two spiral pdis introduce a secondary flow, increasing the heat transied
reducing fouling deposits. These heat exchangers are quite conipacre relatively expensive due
to their specialized fabricationThe SHEis particularly effectivan handling sludge, visais liquids,
and liquids with solids in suspensiarcluding slurriegKakac et al., 2012 he main features are

shown inTable4.
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Figurer: Spiral heat exchanger: a) Schematic of the flow pafféniukkanam, 2013p) Schematic of the flow
pattern(Hesselgreaves et al., 2Q13)Spiral heat exchanger manufactured by Alfa faéal 1 AASpitalA O A 1
EAAO AGAEAI CAOOhoG wowo(Qq

Table4: Main features of spiral Hi&akac et al., 2012)0! 1 £A3 BEAOM T EAAO ABAEAT CAOOhOG

Parameter Value

Heat transfer surface (A) 0.5+2500
Maximum operating temperature (°C) 400+500
Maximum operating pressure (°C) 15+100

2.1.1.6 Heatexchangersin the building substatios

TheHEin the buildingis usedo transfer the energy from the DHReatingdistribution system (primary
system) to the building distribution system (secondaystem).The heat exchanger provides the
interface between the pmary and secondary systems and ensungdraulic separation is maintained

at all times(Skagestad & Mildenstein, 2002HEsgenerally havea cost advantage and require less
space compared with mostandardSTHEs They require significantly less surface area, for the same
operating condgtions, than shell and tube units because they have much higher heat transfer rates.
With plate exchangersthe approach temperature between the primary return and the secondary
return is closer, generally=2°C, compared with 67°C for mosiSTHEgSkagestad & Mildenstein,
2002) For thisreason, DH operators often favour the plate tyjgrazedPHEgend to be smaller than
gasketedPHEsas moresurface area is devoted to heat exchange. They also do not require the level
of maintenancerequired by the gasketed optiors THEsare still being sed in some DH systems but
are gradually beingphased out, aghey do not provide sufficiently low approach temperatures
between primary andecondary side water. They also take up a lot of sp&bell and spiral tube heat
exchangers do not share the dibzantages of other types of shell atube heat exchangers,ral are
excellent for district heating application($kagestad & Mildenstein, 2002)

2.1.2 Technology readiness level and examples of applications

In the following the main experiences and studies reported in the literatur&/ERfrom industrial
sites and heat supply to thBHNare summarized. The aim of this section is to highlight some heat
recovery option with high potential that have been implented or investigated only recently.

1 Steel industry

1) Heat recovery from slatn (Yemao Li, Xia, Fang, Su, & Jiang, 204&chemewas proposed to
integrate the surplus heat of two steel planinto a largescaleDHN. The steelplants purchaseron
ore as rawnaterial and producateel products in four major processes: sinteriimgn-making, steel
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making, and steelolling. Three sources of surplus heatkere identified as suitable for thelistrict
heating: 1)slagflushing water of blast furnac@F); 2ooling water of blast fthace 3)low-pressure
mixed saturated steam producedh processes of steghaking and steelolling. The heat in cooling
water and lowpressure steamare directly recovered by using conventional wat&y-water and
steamto-water HEshaving efficiencies ose to 100%. Instead, thikeat in slagflushing wateris
recovered according to the scheme showririgure8, where two main energy losses can be identified.
The BF slag iguenched bywater and is cooled from 1450°C to approximgtd 00°C Putting the hot
slag into thewater leads to locaboiling and a part of water flashes inteam. The rest heat of BF
slag will be absorbed by the water resulting in temperature ridee mixture of water and slag will
flow into the sedimentatio tank.The heatrecovery efficiency, which is defined as the proportion of
heatingpotential, is expéentially estimated at approximately 52%, becauseat islost unavoidably
during the quenching and thdepositing. The demonstration project conductedisce 2014showed
that the slagflushingwater can provide up to 90.5 MW for DH and 15 MWdctory heating.

Flash Steam HO&slag (1400°C)
N e

Flushing water channel

Sedimentation tank é
Slag deposition R ..Vl scicissssssvscsssnsssssssase e
Filtered layer Heat
Filtered water Exchanger
A
DH water §

FigureB: Heat recoverfrom the blast furnacushing wate(Yemao Li et al., 2016)

2) Electric Arc Fumace (EAF) off gasDepending on the EAF operatioand input materials,
approximately 30% ofhe total energy input is dissipated to theff gas The off gasis cooled down
from approximately 1000°®@y a watercooled duct, followed by a secorgtage gascooler before
entering the filter plantand the stackIn thiscooling processmost of theenergy is dissipated to the
ambient(Fleischanderl, Steinpaer, & Trunner, 201.AVaste heat can be recovered by replacing the
conventionalwater-cooled hot gas line by a heat recovetyct. In this case, theff gascooling is done
with pressurizedvater at elevated temperatures. As part of a revanfphe dedwsting system of the
EAF at a steel plant in Sweddhg recoveredwaste heatwas used to gnerate hotwater forDH. To
equalize fluctuationof the EAF and to supplgonstant heat flow to theDHN, a thermoclinetype
buffer tank was implemented (Fleischanderl et al., 2017h a recent prgect led bySI1J Metal Ravne
(Slovenian steel groughe waste heat generated by the cooling system of the Es\Fecovered by
the installation ofa 4.2 MWPHE(Figure9). The recovered heat is used for space heating and domestic
hot water heating +1 T T OHAE foktbe cdnimarfityl YD R AT A  T(Slovenib)OT AE A
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Figured: PHE(4.2 MW) foWWHRfrom anEAF in a steel plapt+ 1 T T OHAE. AO Al 8h

3)Cooling process of hot steel slaliserecovery of surplus heat from a cooling facility at a steel mill
in Aviles (Spain)is investigated in(Villar, Parrondo, & kibas, 2014)Hot slabs enter into thdast
building at abou500°Candare progressively removed when théémperature has decreased at least
250°C.Cooling of the slab stackgpicallyoccurs by thermal radiatiotoward the buildingooundaries
and by natural conveatin tothe surrounding airThe proposedVHRsolution,shownin Figurel0, is
formed by:a)Hoods in the cooling facility above the limef slabstacksto accumulate and collect hot
air (above 18%C); b) Thermally insulated air dtt and fan to drive hot air from hoods throughe
primary HE, c) STHEo heatthe DHwater.

...... ENERGY OPERATOR _ _ _
District heating !
i S 1
Hx4 Hx, Hx,

} 1
I I
i i
i i
i i
Slab cooling building : :
i i
i i
i i
| ? |

In-plant
uses

FigurelO: WHRfrom hot steel slabs drheat supply to thBHN(Villar et al., 2014)
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Table5: WHRfrom thesteel industry and heat supply to DHNSs.

T heat Q heat

TRL| Plant Location Heat sourcéds sources | sources Reference
C) (MW)
Ravne na . T
9 Steel | +1 OT H Cooling systenEAF / 4.2 i+T11OHA
. 2017)
(Slovenia)
(Fleischanderl et
9 Steel Sweden Off gas from EAF EXPD / al.. 2017)
L 1)Slagflushing water 1)<100 | 1)188.4 .
7 | Steel (((3:';‘::;) 2) @oling water of BF | 2) 35+45| 2)156.7 (Yemgglé') etal,
3) low-pressure steantd bar) | 3) 143 3) 52
Aviles . : (Villar et al.,
N/A Steel (Spain) Cooling air steel slabs 180 11 2014)

1 Gas refinery plant

Inthe gas refinery planteported in(Zebik, Baliko, & Mont, 199Merewasa potential of 54.2 MW of
recoverable waste heat from different waste heat sourasshown imable6. Figurellshows theT-

Q chart of waste heat that can be utilized DH. On the basis oFigurel], it can beseenthat in case

of heating t080°C all the heatan be utilized in theorynstead, n case oheating t0100°C and 130°C

it is impossible to usall the availabléheat sourcesFor instance, Wwen utilization of waste heat is
assumed with a minimunbt = 10°Cbetween the heating and cooling mediums, théme available

heat at temperature of 10GC is42.14 MW The resulting heat transfer network ofarimum energy
recovery is quite complex. A much simpler heat transfer network can be obtained leaving out the heat
flows fromboth the gas engine and the elea motor-driven compressorsas shown iffZebik et al.,

1997)

Table6: Waste heat recovery from a gas refinery plant and heat supply to DHNSs.

TRL | Location Plant Heat sources Tin / Tout (°C) Q (MW) Reference
N/A | Budapest Gas 1) Cold water circuit 1) 50/45 1) 3.2 (Zebik et
(Hungary) | refinery 2) Condensers 2) 53+ 70/53+70 2)19.8 al., 1997)
3) Hot water circuit 3) 83/75 3)5.7
4) Gas cooling from 4)100+120/50 4) 8.6
compressors 5) 160/130 5) 0.9
5)Flue gas from boiler 6) 320/30+130 6) 4.25
house 7) 450/130 7)5.3
6) Flue gas from pipe 8) 1000/500 8) 6.5
kiln
7) Exhaust gagdm gas
compressors
8) Torchgas

Deliverable 16 report onH/Crecovery / storage technologies and renewable technologies

Horizon 2020 This project has received funding from Page23 of 270

European Union Funding OEA ®»OOI PAAT S5TEITB8O0 (1 O0OEU
for Research & Innovation programme under grant agreemeiNo 847097




—_ SOWHat

200 / g
¢ 1 At =0resp.At =10 °C S
[°C] s
55T e 51.75 MW
I 4214 MW/ g
32.18 MV 130 °C

100 °C
80 °C

0 5 10 15 20 25 30 35 40 45 50 55 60
Q [MW]

Figurell 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.

T Aluminium industry

Primaryaluminiumproduction takes place in three major stageauxite mining, aluminaefining and
aluminium smelting (Fleer, Lorentsen, Harvey, Palsson, & Saevarsdottir, 20IB¢ aluminium
smelting process redtes the alumina t@luminiumin electrolytic cells, alsoalled reduction cells or

pots. The process is called HEléroult processiIn the HalHéroult process liquicaluminium is
produced by the electrolytic reduction eflumina (Al203) dissolved in ateetrolyte bath A typical
reduction cell consists of an anode and a cathode to appdpraginuous high amperage and low
voltage current to the electrolyte batlFigurel12left). During normalcell operation, the electrolyte

bath has a temperature of around 98®5°C(Fleer et al., 2010Below theelectrolyte bath there is a

pool of liquidaluminium, which is contained in a carbon lining. Tdebon lining is thermally insulated

by refractory and insulation materials insidesteel shellAs a result of ta HaltHéroult process, solid

and gaseous emissions are released walileniniumis produced in the cells. Thus, each cell is covered
by a hooding system which ¢®nnected to an individual exhaust dyétleer et al., 2010The exhaust

gas from the cells is collected in ductwokkhich leads to one or more fumreatment plants Figure

12left provides a schematic representation of the distribution of energy flow and the main heat losses
in the aluminium productionhighlighted using yellow arrowsApproximately 3645% of the tdal
wasteheat is carried away by the exhaust gas whictir&avn from the cel(M. Yu, 2018) During the
production of aluminium, exhaust gas is collected from each cell and transptwtadyas treatment

unit where the pollutant gases are removed. The exhaust gas enters the gas treatment unit at 110°C
and exit at 95°C througlhe stack(Haraldsson, 2019)In the investigatedVHRscheme shown in
Figure12 (right) the district heatingHEwas placed upstream of the gas treatment u(pbsition A)

taking into account the higher temperature and other successful expeesof installation oHEson

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°Gigurel3shows the integration of th®H HEdnto 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 amooled 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 DeN. The overall heat duty of thdEunits is 5.2

MW. Avertical counterflowshell and tube design is selected where they exhaust gas flows inside

the tubes and the water is heated on the shell sieavoid fouling (vertical) and simplify the cleagin
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process (gas in tube)t wasdemonstratedon the real field (STHE iNosjgen Norway)that the
placement of thistype of STHEon the dirty side is possible without having to cleafor 8+ years
running, while still maintaining an acceptable heat tréarscoefficient(Haraldsson, 2019)

Exhaust gas
30~45%

K:SL
Exhaust stack
Dry scrubber \

Anode Anode / Fans
Bath Sidewall -, \ -

Bottom 7%

Reduction cells

a) b)
Figurel2 a)Heat lossesfrom a typicaHall-Héroultcell(M. Yu, 2018»)Possible location# or B)fora DHHE
linked to got line(Fleer et al., 2010)

Table7: WHRfrom an aluminim plant and heat supply to DHNs.

TRL Plant Location Heat source Inlet T (°C) Q (MW) Reference
- Fjaroaal . (Haraldsson,
N/A | Aluminium (Iceland) Exhaust gas (dirty) 110 5.2 2019)
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Figurel3 Heat recovery from the exhaust gas of an aluminium plant and heat supply @&@td@sson, 2019)

 Data centres

The temperature of captred waste heat depends on the locatievhere it is captured and othe

cooling technology. In aicooleddata centreswaste heat can generally be captured between°25
and35°C. In liquiccooled stations, waste heat ca be captured closdp processorswhere operating
temperatures are higher antthereforethe captured waste heat is of a higher temperature, e.g:-GED
°C (Wahlroos, Parssinen, Manner, & Syri, 2QDayies, Maidment, & Tozer, 2016an low-

temperature district heating networks (LDHNSs) watersupplytemperature carbe lowerthan 50C

and the return temperature close to 2G. Sincethe supply water temperatures are below 5C,

waste heat fronliquid cooleddata centrescould be directly fed to the LIDHN without the heat pump
(HP) especially 6ér data centreswith modern cooling technologies, whiclallow high WHR
temperatures(Wabhlroos et al., 2017)

1 Pulp mill

The Kraft pulping process is the pralent manufacturing process, on a world scalewhjich wood
chips are reduced to paper pulp, the intermediate material from wiiiehpaperproducts are made
The core of theraft process is a chemical delignification stegihich the individual celliosic fibes
are separated to form the pulplhe thermal errgy required for the various process operations is
produced in recovery boilsiwhere the spent liquoand the wood residueare burnt to generate
process steamKigurel4a). In an efficient mill aexcess steam production capagits available that
could be usedo supply the heat demand @nadjacentDHN,as investigated iffMarinova, Beaudry,
Taoussi, Trépanier, & Paris, 2008he maintransfer stationin Figure14b includesa HEwhere heat
from steam desuperheating and condengaiiis transferred to the hot water which circules in the
distribution network. The distribution network consistof two parallel main ducts, one for the
outgoing hotwater (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 talfa DHN iS6dra Cell Varo
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