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Definitions and Nomenclature

Collector loop:All necessarycomponents to convert solar irradiance into heat and to transfer this heat
via the collectoffluid to the nextheat transfer point

Direct solar heat integrationSolarheat integrationwithout a heat exchange(process medium or heat
transfer fluid hea¢d within solar thermal system).

Heat transfer fluid (HTF)Medium delvering heat to theprocess €.g, hot water, steamthermal oi).
The heat transfer medium might deliver the heat indirectlia feat exchangers) or directly (e.direct
steam injection).

Indirect solar heat integrationSolar heat integrationia heat exchanger

Industrial heat supply and distribution network mplete thermal system of an industriar
commercialproduction site (includindneat generationheat transfer heat storagesheat recoveryheat
transfer to processe®tc.).

Integration point: An integration pint specifies a heatg demandwithin an industrial or commercial
plant that can be(partly) supplied bysolar heat (e.g.heating of boiler makaip water; heating ofa
process medium). The tergpoinii & used instead ofinit operationor sink to highight the fact that
some sinks could bsuppliedby various heat exchangeand at different temperature levels

Integration return temperature: Return temperature from the integration point to the solar thermal
system.The integration return temperature cabe constant (e.g.when cold water from the grids
heated or varying (e.gatreturn flow boost of a heating network with varying thermal load).

Integration flow temperature: Solar supply temperature to the integration point Depending on the
integration requirements, a maximum,imimum or set temperature level has to be provided and the
solar thermal system concept has to be selected accordingly.

Process flow temperature:Heat exchanger outlet temperature on process siddis temperature
specifies the heat supply temperature to the process and may differ from the process temperature.

Process return temperatureHeat exchanger inlet temperature on proceside. This @an be either a
return flow from a process or fresh water from the tap.

n ¢Témperature lift in heat exchanger on process side

Process temperature Temperature of the process mediuduring the process operation. The process
temperature can change during processiag, in gradual heating processes

System utilization raib: Ratio between solar thermal energy transferred to the supported processes and
the solar irradiance onto the collector aperture area. Typically, annual values are given and as a synonym

a2YSUAYSa GKS GSN)Y alyydadft aeaiaSy STTAOASyOeé Aa
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Load profile: Daly, weekly and annual heating power demand of an integration point over time.
Mathematical integration of this load profile gives the annual heat demanihefintegration point in
kWh.

ProcessA process ia set of real activities (e.g. a sequenceuait operations) performed by people and
machines that producan outcome(a product or an intermediate produdpased on IPAPI, 2014).

Process levelAl operations done at the level of processiiigcluding heat transfer to unit operationis
contrastli 2 & & dzLJwdfick includgedhdration and distribution of heat

Process integration Systematic and general methodsfor designing integrated production systems
ranging fromindividual processet total sites with special emphasis on thefficient use ofenergy and
redudion of environmentaleffects (Gunderson, 2000

Process intensificationt L A& OKF NI} OGSNAT SR o0& NIRAOIEDE ANYY2(
process and equipment desigwhich can bring significant benefits in terms of process and chain
efficiency, capital and operating expenses, quality, wastes, process safety, etc. (Gorak and Stankiewicz,
2012).AnallSYo NI OAy 3 RSTFAYAGAZY AaY W! yasuStndalysBdledh y 3 RS
cleaner,safer YR Y2 NB SySNHeE& STFTAOASY( (Stutkikwicz and MaulijinA & LINE
2004; Reay, 2008)

Process mediumin some processes the product is heatdd an intermediateprocess medium, which
againis heated by a central heat transfer medium (eapoking of meat in a hot water bathwhich is
heated via steam).

Process optimizationAn action or activity taken on a process that improves its efficiency in respect to
the intended outcomeof the procesgIPAPI, 2014).

Product: The processed material (feegroduct, intermediate produgtbeing treated in the procegs.qg,
distilled fluid in distillation; milk in chese fermentationetc.).

Solar fraction Share of the overall demand of the thermal loads connected to a solar heating system,
which is supplied by solar heat.

Solar heat Thermal energythat has been generated by solar thermal collectors from ¢baversion of
solar irradiance.

Solar heating systemAll components that are necessary for solar heapply, including collector loop,
storage,storagechargng and discharmg devicesas well aghe integration heat exchanger.

Solar heat integration Supply of ®lar heat to a givenntegration pointwithin a production line. The
heat sink can bécated atprocess level or supply level.

Solar heat integration conceptA solar heat integration concept for a certain integration point depicts
by whichheat exchanger and hydraulic connection solar heat lmanransferred to a procedsased on


http://ipapi.org/wiki/index.php/Intended_outcome
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the existing heat supply technology (e.direct steam supply, hot water or air supply via external heat
exchanger, hot water or air supply via internal heat exgj, etc.).

Solar process heat system concegi@HIP system concepf)yhe SHIPsystem conceptlescribethe whole
technical concept of the solathermal process heahg system including thesolar heat integration
concept Thus, they build upon thesolar hea integration concepgd and additionally include all
components of theSHIPsystem.

Supply levelAll operations done foreneration and distribution of heat

Unit operation: A unit operation is any part ofa potentially multiplestep process which can be
O2y&aARSNBR G2 KI @S a A y Ary Sherfictyp@dess? oh widatever scade2 2 | a
O2yRdzOGSRE YIe 0SS NBaz2t @SR Ayid2 | O22NRAYyIFGS &S
pulverizing dyeing, roastingerystallizing filtering, evapoation, electrolyzingand so on. The number of

these basic unit operations is not large and relatively few of them are involved in any particular process.

The complexity of chemical engineering results from the variety of conditions as to temperature,
presaire etc, under which the unit operations must be carried out in different processes, and from the
limitations as to material of construction and design of apparatus imposed by the physical and chemical
OKI NI OGSNJ 2F (i KS(LittheBA. 1046y 3 adzoaidl yoOSadé

>
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Abbreviations:

BAT Best Available Technologies
BREF Best Available Techniques Reference
CcC Composite Curve

CHP Combined Heat and Power
COP Coefficient of Performance
CP Cleaner Production

EE Eco Efficiency

EE End Energy

EL Extra Light

GCC Grand Composite Curve
HEX Heat Exchanger

HR Hear Recovery

HTF HeatTransferHuid

LPG Liguefied Petroleum Gas
NE Useful Energy

ODEX EnergyHficiencyIndex

ORC Organic Rankine Cycles
PCM Phase Change Material

PE Primary Energy

Pl Procesdntensification

RE RenewableEnergy

SEC Specific Energy Consumption
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1 How to Use this Guideline
Bettina Muster

When integrating solar heat ta industrial or commercialprocesses, the aim is to identify thmost
technicaly and economicdy suitable integration point and the most suitable integration conc&pte to
the conplexity of heat supply and distribution in industmyhere a large number of processesght
require thermal energy, this task isuallynot trivial. This documenprovidesguidancefor planners of
solar thermal process heat systenSHIP) energy consultants and process enginedtsdescribes a
general procedure fothe integration of solar heat into industrial process@s;ludingthe necessary
stepsto identify suitableintegration pointsfor SHIPandintegration concepts Based on these concepts,
SHIRsystem conceptare given.The document can be used as suppugtimaterial in solar process heat
trainings of plannersenergy managerand consultants or as additional help for energy experts besides
their own practical experience3.he scope of this document does not include a description of detailed
planning step®f the solar thermal systeritself.

Integrating solar heat isgssible at several points in the heat supply and distribution network of an
industrial production site (see Figurel-1). Chapter2 therefore gives anoverview on heat supply and
distribution in industry starting with a short description foconventional heating equipment and
distribution media.Onthe processlevel basically the existing heat transfer concepts (gype of heat
exchanger andontrol strategie} are decisive on how solar heat can be integrated itlie processes.
Therefore, thebasic existing heat transfer concepts in industrg explainedlt is shownthat the variety

of different thermal processes +accurringin industry can be classified based on the unit operation
conceps, specifying suitable integration concead solar process heat system conceftgroduced
and explained in latechaptess) per unit operation.This has been andill further be realizedin the
onlinewiki-webR I i | dMatéx®f Inidicators 6 I @ A f,widich IS anZnjofmatirSportal (among
others) for solar thermiintegration.
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Figurel-1: Possible integration points for solar process hd&EE INTEC, 2012)

After summarizing some basics dreat supply and distribution netwoskin Chapter2, Chapter3
AYGNRRdAzOSa GKS a! aaSaavySyid VYS(EK2oR@u@iheéd inFEADC A 2t I NJ
Task49. This methodology builds upon existing strategies (éEASHCTask33) and summarizes the
most important steps for planning a solprocessheating system. These steps include a fieasibility
study (steps1-2), company visi{step 3), analysis of status qu@tep4), energy efficiency considerations
(stepb5), and identification of integration pointéstep6). Andfor planning aSHIPsystem the analysis of
the chosen suitable integration pointéstep7) and solar integration concepts (for oner several
integration points) areeconomically and energeticallgompared based on technical and economic
considerations At this point,a basicdesignof the solar thermal systelfs) is necessaryn order to
evaluate an optimum cost/benefitratio, includingthe definition of an appropriatecollector field size,
the storage volume andhe type of solar thermal collectors usedifter the decisionstep8) is taken
based on this compative analysis, the detailed plannithggins(step9). As highlighted above, the scope
of this document only includes tretepsl-7. Details onsolar thermal systendesign will be given
elsewhere (reference 1&ASHCTask49 Handbook).

Chapter4 is dedicated to energy efficiency considerations in industry and shows how process integration
can be used as a basis for identifying possible integration pdges Chapter6) for solar thermal
systems.

In Chapter5, concepts forSHIANtegration are explainednd classified into supply and process level. On
supply levelthe classification is based on the existing heat transfer medium, whereas on process level
the basis for classification is the heat transfer technology (type of heat exchanger etc.). The integration
concepts show how solar heat can be integrated to theugtdal supplynetwork orprocesges)


http://task49.iea-shc.org/
http://task49.iea-shc.org/
http://www.ieatask33.org/
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Chapter6 builds upon these concepts further showing how they can be extended to complete solar
process heat systerroncepts Hydraulic schemes with details @ollector fieldand loop buffer storage

as well a®n the overall control strategye.g, charging andlischarging strategiesye givenA selection
matrix showshow suitableSHIFsystem conceptand integration concets are interlinked.

Chapter7 discusses how suitable integration points can be identifiad prioritized. This Chapterbuilds

upon data acquired in the analysis of status quo and/or in the efficiency considerationSh@gter4)

and on the possible solar integration concepts taken into account, as their specifications may influence
the suitability of one integration point ovemnather.

10
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2 Thermal Processes and Heat Distribution Network sin Industry
Bettina Muster, Bastian SchmittHans Schnitzer

Highlights

1 Thelayout of the existing processes and heat supppivstal for the solar thermal system
design

1 The «isting leat supplyin industryrelies onafew common conversion technologies with stea
and hot water networks for distributian

1 Theunit operationapproach enables systematic overvieWsolar heatintegration possibilities

for thermal processes in industry

Heattransferequipmentin industry can be classifiday type of heatexchanger and heat pump

Industrial relevant cold supply technologies are compression chillers and potentially absory

chillers

= =

The aim of this chapter is to give an overviefvtloe existing thermal processes, heat suppliasd
distribution systems in industry. As solar thermal systamstypicallyintegrated ino existing industrial
sites, the layout of the existing processes and heat suppiivigal for the integration possitiies. The
chapter first summarizes heat generation systems before showsghamaticof different processes by
the concept of unit operations. Alstuture trends in industrial processing are indicated.

The various types of heat exchangers that exigndustry canbe used toclassify current heat supply
strategies Heat pumpggive valueto low temperature waste heatwhich is widely available in industry.
Finally a short overview on industrial cooling processes is given.

2.1 Conventional Heat Generation Systems in Industry

The design of heatupplysystems in industry is primarily influencby the fuel being used and theat
transfer fluid (HTFje.g, thermal oil, superheated steam, saturated steam, pressurized hot water, air)
While in some parts of thevorld coal is still the primary energy source, European and North American
industries rely mainly on gas, LP&d oil. Biomass is still used widely in countries such as, lbire
there is less access to oil and gas, anddseasingly becominmteresting for industrial countries as
renewable energy source. With the trend towards renewable energy integrdtiogasalsoplays a role,
specifically in industal sectors with potential to produce biogas from their waste produetsd
wastewater Additionally several thermal processesare heated electricallyand cooling ismainly
provided byelectricity, with absorption cooling playing rather a minor role todayt increasinglyjpeing
investigated. Finally, thgrowing number oflistrict heatnetworksallows industriesto directly heat their
processesisingexternally produced heat.

All the mentioned fuels require an energy conversion plantsib@ to produce thermal energywith
direct electricdly heated processeand processes supplied via distrheaing being the only exception
In Table2-1 typical conversion technologies for the most common HTF inameeshown. Obviously
boilers differ substantially in their design depending on the fuel being (se&d a gas boiler differs

11
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largely from a solid fuel (coal/biomass) bojldmportant parameters of the differertboiler typesarein
their start-up andshutdowntimes as well aghe time neededto adjust the heating power supply to
demand variationsn different configurations.Balers for ®lid fuek require much longer times for
starting and shutting down, thereforetheir reaction timeto load changes is mudbnger. This leads to
heat storagesften beingemployedin such systems. Liquid fuel boilers and buswan the other hand
can reacfyuicklyto load changes and can be controlledsilywithin a large range of load variations.

Table2-1: Thermal energy conversion technologies

Conversion )
Fuel Heat Transfer Fuid
Technology
. Gas, LPG, ail, coal, biomass, biogas (al{ Steam, hot water,
Boiler o . .
combination with natural gas) thermal oil
Cogeneration | Gas, LPG, oil, coal, biomass, biogas (al{ Steam, hot water,
systems combination with natural gas) thermal oil
Gas, LPG, olil, coal, biomass, biogas (alg :
Burner S . Hot air
combination with natural gas)
- Hot water, hot air,
Heat pump Hectricity thermal oil

The choice of the conversion equipment is based on the choice dfahtdistribution medium. In most
industries the distribution medium is steam @pressurized)hot water, therefore mainly boilers or
cogenerationsystems (typically in larger plants for efficient production of electricity and heat) are in use.
Steam boilers& in several aspects more complex than hot water boilers, as the steathensate cycle
requires more care and handling steps thaot water systemgwater treatment, condensate recovery,
and degasification)Large plants require specifically trained pmrgel. In particular,open condensate
systems may lead to water losses and significant energy losses if not handled with care. However, many
plant operators choosesteam, as it is advantageous for its high energy density, enabling small
distribution tube diameters and high heat transfer ratesersuring a constant temperaturedue to
condensation Additionally steam systems are oftethe traditional way of heat supplyHot water
systems are easy to operate and maintddot do require large distribution pipaliametersand heat
transfer areas (in comparison to steariyhen temperaturesabove100°Care required water systems
alsorequire pressurizationThermal oilor siliconoil are other alternativesthat can be operated at lower
pressures than water for given temperature, asheir evapotion temperatures can be up to300°G

but comeslower specific heat capacities and higher costdicone oilis often used incogeneration
systems such agOrganicRankine Cycles operated betwee200to 300°C Finally air can be used as
HTFhowever, due to its comparably low heat capacity paslume, hot air is usually not useexclusively

as a heat distribution medium but rather heated locally at the processes requiring hot air (such as
drying). In plants wherehe only significant heat demand is for convective drying (¢e@ factories
malting plant$ a hot air burner might be the main heat supgbvice

12
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Figure2-1: Schemes of conversion technologies whisic components

Thermal storages are a crucial aspect in miaaystrialheating systems. Basicallye can diffeentiate
between storages beingptegratedin the energy distribution and supply systeand storageghat are
integrated onthe process levelwhere process media are storéskeFigurel-1). Within the supply and
distribution systemsthe main aspect of thermal energy storages is to kdep hoiler/burner load at a
rather constant level. Therefore storagese placedprimarily in systemswith slow reacting energy
supply systems, such as biomamss coal boilers Typically hot water storages(pressurized or non
pressurized)are used, with steam storages being the exception. This stems from the fact that most
steam boilerdn industrialized countrieare operatedby natural gasl.PG or oil, and load changes can
easily bematchedby these types of boilers. In steam systems operated with lbodérs the storages
are usedmore commoty to level off fluctuating demands. New storage concepts, such as lateat
thermo-chemical heat storage currently play an insignificant role in the existing heat systems in
industry, but do have potential foisome specific applicatien

It is possible to integrate solar heat in Bipes ofsupply anddistribution networks mentioned above.
However, for each type of network only specifictegration conceptsand solar thermal system designs
are possibldseeChapters5 and6).

13
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2.2 Frequent Thermal Unit O perations

In industry a broad range of proces®s exist However, they are made upf a relatively few single
process steps that repeat themselvds order to classify these differesteps the concept of unit
operations, introduced alreadiyn 1905 byArthur D. Little, has been estdished. The basic idea of the
concept is to classifgperation stepsg A G K &aAYAf I NJ LIK@aAoOlf flga Ayhaz 2
2009). There are classes of unit operations, such as heat transfer, mass transfer, flyicritbw
mechanical operations dsed on the basic operating principle (Prakashan, 2009). In heat transfer
operations the basic principle is transferring heat (based on a temperature gradient), while mass
transfer operationsrely on the mechanisms of molecular diffusion. For describmoggsses in industry

with thermal energy demand, mainly heat transfer operatidiesg., heating, cooling, evaporation,
drying or distillation) and mass transfer operatior(®.g., extraction, absorption, distillation, dryingr
crystallization, are releant classes of unit operations (Prakashan, 2009). Obviously sperations

such as distillation or drying, fall into both classes. As there is not always a clear distinction into which
category oneperationfalls, the categorization of unit operations used by different authors is not always
completely consistent.

Most importantly, br integrating solar heat in industryhe concept can be useals a good overview of
the list of unit operations in different industry sectoshiowing theirimplementation possibilities for
solar heat Thewiki-webd a | i N&A E 2 Fhostey Hy th@TechriddEUaiversifGraz, is a database
of unit operations in industryhat hasbeen established aan information source on solar process heat
within IEASHCTask33 (http:// wiki.zereemissions.at) The databaserovides ageneral description fo
each unit operation and showsossiblesolar integration schemésFurthemore, a submatrix exists for
each industry sectorthat shows more details on the processes. By clicking on a process icon
information, such as temperature and energy demarahd a typical process layogan be foundIn
addition, energy efficiency measuseand alternatives to conventional technologiase describedand
case studies on solar thermal integration are included.

!t is foreseen tantegrate the newly elaborated solar integration schemsse( Chapter$ and 6 of this guideline)
into the Matrix. However, this will only happen step by step in the future, and dependent on financing possibilities
(e.g. for the food industry, the Matrix will be extended within the project Greenfoods).

14
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Toevaluak the potential for solar thermal energy, a basic knowledge on energy demandeguited
temperaturesof the processes is crucial. Therefptikere has been a focusn compiing typical heat
demand and temperature ranges for the most important msses in different industry sectors. Within

the project Solarfoodswiww.solarfoods.&), for example specific data on primary energy demand and
temperature levels in the food industry were compiled for all processes of each subsector in the food
industry with relevant thermal energy demand. Such information tables Egare2-3 and Fehler!
Verweisquelle konnte nicht gefunden werderor dairy examples) are helpful for giving an overview on
how much energy is requiredt avhat temperature level, which islsobasic information require for

solar thermalsystemdesign (sedthapter6). Inthe future, this type ofinformation tablefor a certain
subsectowill beincluded inthe wikis S 6a F&i NA E 2 ¥ L yhRdald isavatiald Suchag&nbral
information on one subsector can be found in the matrix by clicking on the INFO button of the respective
subsector.
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Two bars signify that depending on the technology the process may run at two different temperature levels
a) initial data in NE, conversion factor NE to EE: 80 % boiler efficiency and EEto PE: PEfactor for natural gas and heating oil EL = 1,17 (Theissing,
2010)
b) initial data in EE, conversion factor EEto PE: PEfactor for natural gas and heating oil EL = 1,17 (Theissing, 2010)
c) data from Dutch Dairy Statistics (http://www.prodzuivel.nl/): data in specific energy consumption (SEC) of fuel and heat i estimation of EE
[1] Karagiorgas, M. & Botzios-Valaskakis, A., Solar systems applications in the dairy industry, Center for Renewable Enegy Sources (CRES), Greece.
[2] Hogaas, E., 2002, cited in: Ramirez et al., 2006
[3] Bayerisches Landesamt fir Umweltschutz, 2000, Minderung 6ko- und klimaschéadigender Abgase aus industriellen Anlagen durch rationelle
Energienutzungi Milchverarbeitender Betrieb.
[4] Ramirez, C.A., Patel, M. & Blok, K., 2006a, From fluid milk to milk powder: Energy use and energy efficiency in the European dairy industry, Energy
31, 1984-2004.
[5] Goff, D., 2011, Dairy Science and Technology Education, University of Guelph, Canada, [www.foodsci.uoguelph.ca/dairyedu/home.html], last
accessed 11.05.2011.
[6] European Commission, 2006, Reference Document on Best Available Techniques in the Bod, Drink and Milk Industries.
[7] Arcadis IMD, 2002a, cited in: [11] Xu & Flapper, 2009.
[8] Natural Resources Canada(NRCAN), 2001 citedin: [11] Xu & Flapper, 2009.
[9] Arcadis IMD, 2002b cited in: [14] Ramirez et al. , 2006a.
[10] Ramirez, C.A., Blok, K., Neelis, M. & Patel, M., 2006b, Adding apples and oranges: The monitoring of energy efficiency in the Dutch food industry,
Energy Policy 34, 1720-1735.
[11] Hvid, J., 1992, cited in: Ramirez et al., 2006a.
[12] National Dairy Council of Canada, 2001 cited in: Ramirez et al., 2006a.
[11] Xu, T. & Flapper, J., 2009, Energy use and implications for efficiency strategies in global fluid-milk processing industry, Energy Policy 37, 5334
5341

Figure2-3: Temperature levels ofinit operationsand primary energy demanaf unit operations in the milk processing

industry (Brunner et al., 2012)
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2.3 Future Trends in Process Design and Effects on Solar Process Heating

The industrial process layout is the key for designing an efficient energy supply, whether anibiler
cover the demand or whether a solar process heat plant will be integratedtire energy supply.
Althoughsome industry sectors tend to maintain oldapgtices and are reluctant to change, there are
steady andon-goingdevelopments in the processing industries towards more efficient processes with
high qualityproducts A large number of optimization approaches and new technological developments

canbedzY YI NAT SR o6& GKS dzvoNBftl GSN¥Y at NpOS&aa LyiGaSya

In process engineeringesearctond A Y i Sy aA T Ay 3¢ AYRdAAGNALFIf LINROSaa
past years, mainly in the chemical and pharmaceutical industries, but in other sestavdl. Various
studies demonstratehe potentialfor new process system designs achieving higher process efficiencies.
These new process technologies will often require different energy supplies compared to the
conventional technologies in use. It is therefoimportant to keep in mind which intensification
strategies might have an effect on the possibilities to integrate solar thermal heahe following,
severalstrategies that might affect energy supply possibilittee mentioned. In the long run, it the

aim to integrate examples of new technological solutions for different processes more specifically in the
wikig S6 Gdal GNAE 2F LYRAOFI{G2NRARE®

Process Intensification ususally aimtshigher productivity with smaller equipmensuych as compact
heat exchagersor micro reactor$. The target is to increaggroduct yieldat constantraw material input

and decreasingby-products while maintaining or decreasing energy inputhisis in many cases
achieved by an increase in mass and/or heat transté&is might beealisedby several means.g. by

making use of thesynergisticeffect of reaction and separation (e.g. membrane processes) by

combinations of unit operationsFurther examples can be found atww.pinetwork.orgor specific

literature (Reay et al, 2013)

Massand heat transferphenomena areoften interdependent: in processes limited by heat transfer,
mass transfer can be enhanced once the heat transfer limitation is overcdice versaprocesses may
run at lower temperatures when a phical change of the process design increasass transfer rates
(e.g. change from evaporati to a membrane based process). Thigght allow one to integrate a
different energy supplyObviously all these intensification strategig¢hat influence heat tansfer rates
and/or change the heat supply of the processmight affect the solar process heat potential. Another
important aspectfor designing new energy supply systeimghe variability of process energy demand.
This can be again linked with massdameat transfer rates, as the change from a batch reactor to a
continuous reactors leads in many cases to mass and heat transfer improverfieatshange from
batch to continuous processes is an important intensification strategy for solar thermal inteyrat
(Muster and Brunner, 2015)Due to the elimination of peaks in heating/cooling demand a change
towards continuous process heat demand has a large effect on energy supply and its &esgn.
storages are common in industry to overcome time variationsdat supply and heat demand, be it for
heat recovery systems or for efficient integration of energy supply technologjiss in many cases the
solar process heat system design will include heat storagas.is, in itself, an opportunity to intensify
heat stores via, for example, enhanced heat transfer surfaces.
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Intensification strategieshat will affect the potential for solar thermahtegration are obviouslythose
that overcome heat transfer limitations. In genertiere are several strategies tatleer increase the
heat transfer rate or to overcome heat transfer limitatiofduster and Brunner, 2015)

1 Increaseof heat transfer area (e.g. compact heat exchangers),

1 Increaseof heat transfer coefficient (e.g. reactors with new flow regimes, sudpaming discs
- and while this needs an electrical energy inghis could be potentially generated kylar
photovoltaicy,

1 Lower theprocess temperatures by optimized process system design abg/cinanging
feedstock formulations, or

1 Switchto anenemgy supply without thermal gradients (e.g. microwave heatiagain needing
an additional electrical energy input).

These carusually,at least to some extentbe integrated into an existing plant. Retrofit changes are
naturally limited by the availabilitgf space and/or the existing infrastructure (e.gontrol system, etc.).
A change in technology will of course increase possibilities for enhancemenksgbextent.

Such a change in technology is necessary whemging the physical process phenoman@hanges
that affect the integration of energy supply possibilities, such as solar inehide (Muster and Brunner,
2015)

1 Increase selectivity of separation processes (e.g. change from atmospheric evaporation to
membrane assisted processes)

9 Electromagneticaction on molecules anahicroorganismge.g. change from thermal inactivation
of microorganisms to nothermal techniques, such as microwave or pulsed electric field)

1 Enhancedhermal storage (and its control) to meet the demands of compact angbmresive
stores able to match continuous process demands

Within IEASHCTask 49an expert meeting of process engineers and solar engineers was conducted to
discuss the possible effects péw trends in processing on future energy supfiie experts expec

based on the discussions that energy supply will change by the impact of new developments (PI) to the
processing industries. These effects will be visible on three levels: the unit operation level, the plant
level andthe regionlevelthrough new geneal processing approachegd/hile there will be a shift from
thermal processes to (at least partly) electrically driven processetherunit operation level, heat
supply will remain an important aspect and there will be a trend to lower processing tempesatu
brought about by continuous processing and new catalysts, enzymes or alternative chemical reaction
pathways. Orthe plant level, plant intensification should lead to integrated production sites in which
thermal energy is (@ used at its best and engy conversion losses are minimized. It will bebagoing
challenge torealize production sites in which intensification is achieved in such way that process
efficiencies are at maximum while the overall plant energy requirement reaches a minimum. The majo
impact besides a changing energy requirement of unit operations and on plantisetelwever, the
general approach in processing, whether bulk processing will remain the way to go or wietteersa

trend towards distributed smalcale processing. This would enable more flexibility and faster reactions
to energy supply variations.
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For solar process heat fewspecifictrends can be indicated:

1 Flexiblesmall scale processing can increase the solar yield for heating industriaspesc when
the process regulation can follow the availability of solar heat. Additionally there is a huge
potential to access the available heat in summer and if necessary store it for the winter with new
storage concepts.

1 Most new energy conversion technologies require a drying step for which solar drying
technologies would contribute to the increase of efficiency of the overall conversion process.
(This competes witlvapor recompressiorsystems;however this heat might besed for other
processes at higher temperature levels.)

1 The further implementation of advanced heat recovery systems (covering a large share of low
temperature heat demand in industry) will increase the demand for solar process heat in the
higher temperatue range, thus proving the importance for research in collector technology for a
temperature range of 106 250°C.

9 The shift to electrically driven processes however will eliminate current waste heat streams.
Studies on the holistic picture of plant értsification and energy supply will be important to
realizesustainable processing sites in the future.
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2.4 Heat Supply of Processes

The different thermal processes in industaye conventionally heatedusing a few basic heating
strategies. Conventional hedelivery to industrial processessinginternal or external heat exchangers
as well as direct stearimjection are especially importanfor the substitution of fossifuels for solar
thermal energy. Besides these technologiesaporators and dryers are diigh relevance. These
installations can be found in almost every industry sector.

2.4.1 Heat exchanger types in industry

Belowis some general information othe different types ofheat exchangex The aim of thisectionis

not to provide detailedinformation on heat exchangerHEX) types, but rather to show how heat
exchangers can be classified. This classification is later usdmer5. For more infomation on heat
exchanger types and detailsfer to the specific literature on this subjecsuch agVvDI, 2013; Holman,
2002. Basically we can dstinguish between external heat exchangers placed outside a process
bath/vessel/machinery or internal heakehangers placed inside a process bath/vessel/machinery.

Different types ofexternal heat exchangerare usedo heatindustrial processes. A suitable HEX type is
chosen according tthe applied temperature and pressure, phase change, available spacegoifis
properties of the heated media such as viscosity and corrosivéN&isGVC, 2006)\ccording to(Shah

et al., 2003)the most important types are tubulagrcompact, and extended surface HEX.

Tubular HEX the most commortype ofheat exchangesin industry andcover tube bundleand double
pipe HEXTubular HEXs made ofa closedubular jacketthat enclosesa bundleof tubes This creates a
shell spacehat is encircledby a medium.The other mediunflows through the tube bundlewhich
consistf plain orribbedtubes(VauckandMiiller, 1988)

Compact HEX cover platand spiral HEX are suitable for media with different viscoditbe most
common compact HEX tyge the plate heatexchanger Within the food industry sealed plateheat
exchanges areoften used.Theplatestypically havestrong profilesand areheld together byclamping
screwsandframes SpiralHEXconsiss of two equalwidth steel stripsthat arespirallywoundat an equal
distanceto an axis.The resultingchannels areclosedat both endsby removable coversvith gaskets
These HEX typese mainlyusedfor liquid-liquid applications condensationor gas coolindShah et al.,
2003;VDI GVC, 2006)

For applications wherene of the media has a much lower heat capacitg.g, water-air), extended
surfaceheat exchangers are usetiheextensionof the HEXsurfaceis realizedy lamella or fins

Someexamples of external heat exchangers are showirigure2-4. These examples show that an
external HEX can be part of a unit operation or the unit operation itself. Based on the specific
application the heat exchanger is used to heat a product or process medium.
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Figure2-4: Examples of processes that are heated by external heat exchangers. Left: Pasteurization of yogurt with ste
heated scraped surface heat exchange@entre Tunnel pasteurizer heatelly external tube burdle. Right: Pasteurization of
fruit juice via double pipe HEXSchmitt, 2014)

Besides external heat exchangemsachines, tanksor baths can be supplied with thermal energy by
internal heat exchangersThe most important types of internal HEX are heating jackets, heating coils,
and tube bundles. Alsplate coil HEX aneélectric heating elementare used An example of some of

these internal HEX types is showrigure2-5.

Steam Metal
Milk parts Steam Hot water
Cheese T
4 whey
Hot water
Condensate CrrEET e Fresh water

Figure2-5: Process heating via internal heat exchangers. LEfieese productiorg a vessel with heating jacket is heated via
steam. CentreHeating of degreasing bath via internal tube bdle without shell. Right: hot water supply with internal
heating coil that is heated indirectly via steatmy an intermediate hot water circuit (Schmitt, 2014).

Heating jackets can be found in different edions such as full jackets, welded half pipes or profiles and
so called dimple jacket3he utilization of full jackets is limited to a pressure of the heat transfer medium
up to 6 barand vessel sizes up i® m3. For larger volumes or higher pressyneslded coils, profiles, or
half pipes are use(Sinnott et al., 2005; Vauck und Mdiller, 1988).
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Heating coils are the most simple and cheapest heat exchanger #peise ishelicallywound around a
cylinder and fitted with ports for inlet and outletof the heating medium Although the capacityof
heating coilscan be affected byitch anddiameter of the tube the specific heat transfer rats rather
low due to the lowflow rate on theoutside of the tube (VDI GVC, 2006).

Althoughso-calledpanel or plate coilsare classified as compageat exchangerby Shah et al. (2003),
their mainfield of applicatiorcorrespondsather to internalheat exchangetsTheir construction equals
roll bond absorbers. They are often usedaasnternal heating elementioheating jacket to heat vessels
or baths.Basedon thematerial usedoperating pressuresf 7 to 18 bar are possibleDue to the simple
productionprocess, thidqieat exchanger type is very che&ghg@h et al., 2003)

In principle,electric heating elementsare able to providevery high temperatures However, they are
alsousedto provide lowertemperature rangesecause ofproceduralreasons Sacalled rod-type or
pipe heating elementgan be placedh fluids toheat them(Vauck und Miiller, 1988; Vgaer, 2005).

2.4.2 Direct heating systems

There are two important types ofirgct heating systems: dire@@ombustionand steam injection. Using
direct combustion systems, thiiring flame roomandflue gas pipe®f an oil orgasburner are directly
disposedn the facility to be heated(e.g. water bath for cleaningnd transfer theheat to theproductor
processmedium.

Direct steam injectiorcan beused to heat baths, tanks, and fluid streams or to provide arstasm
atmosphere.The directheating of bathsr vessels via steawan be realizedy steam injection athe
bottom of the vessel/bath usingerforated tubes and coils or nozzldBy using nozzles, th@oduct or
process medium within the vessel/bath is sucked mmixed with steam, andreturned into the
vessel/bath.Based on the specific properties of the heated product or process medium, the injected
steam has to meet high standards (Vauck et al., 1988). Two examples are sh&guré2-6.

Flash steam Vegetables Fresh water
(raw)
Steam /’N"
N ﬂ ﬂ O |
l l l l Vegetables
| | (blanched)

UHT milk :] |
Milk Steam

Figure2-6: Process heating with direct steam injection. Left: Ultra high temperature sterilization of milk via direc
steam injection and flash evaporation. Right: Béllancher for vegetables heated by direct steam injecti¢Bchmitt,
2014)
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2.4.3 Evaporators and dryers

BEvaporators and dryerscan be equipped with internal or external heat exchangarsl can be
categorized withirtheir own group. Since they aften heatedusingspecial heating mechanisnthey
can beconsidered separate and not based on the placement of heat exchanger. Agaiis bahgsome
basic information necessary for the classification usethapter5. For more details refer to the specific
literature on this subject, such &ujumdar A.S., 2006

Evaporator types can be classified according to the evaporation mechanism. Important evaporator types
are kettle reboilers, natural and forced circulation evaporatarg] climbingand fallingfilm evaporators.
Mainly, continuous steam heated evaporatorse aused which are often designed as multiple effect
evaporation systems (Goedecke, 2006).

For drying, a multitude of diffent dryer types araused within industry that can differ significantly in
construction and mode of operation. Dryers are classifiatb convective, contact, radiation,
dielectric, and freeze dryers. Out of these types, conveetared contact dryers can be supplied with
solar thermal energy. Convective dryers mostly use air that is heated to dry products. Contact dryers use
heated surfaces that are in direct contact with the product. These surfaces such as cylinders, plates or
screws are mainly heated by steam.

2.4.4 Heat pump concepts in industry

Heat pumps are an interesting concept for heat supply in industry, as they can supply lieddastrial
processes (based on available waste heat), supply cold to processes and can be integrated with solar
thermal systemsréfer to IEA SHC Task 44ip://task44.ieashc.org). As heat pump concepts in
industry might be specificallgealizedfor certain unit operations, an overview of different heat pump
types is given below.

I SFd LidzyLla NS RS@AOSa GKIFG FNB ofS (G2 oNRy3a KSI
higher temperature levellrough the input of high quality energy. They are designed to move energy
opposite the direction of spontameis heat flow from a cold space to a warmer one.

ENERGY

Figure2-7: Transformation of anergy to usef@nergy via heat pumps

Thermodynamicallgpeaking they take the anergp & ydayS ¥ dzf ¢ Sy SNHe& GKI G OlFyy2
usefule workF NB Y (G KS & KSI éxergyXrdeNacBrapresseb RenéraéteSa heat stream at
useful temperature level athe heat sink. In general, heat pumps use a medium in a closed cycle that
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undergoes a phase change at two different pressures. Vaparation takes place at a low pressure and
low temperatures. Through the compression of the evaporated fluid, the condenstioperature is
raised and the condensation of the fluid will take place at a higher temperature. Different heat pumps
use different technologies for the compression.

¢KS YIFEAYdzY LISNF2NXYIyYyOS 2F adzOK | KSI G Lldeéll Aa 13
levels. The efficiency is expressed by the Coefficient of Performance COP. The theoretical limit is the
Carnot COP:

9

with T[K] as the heat sink temperature agd¢ wY 8 GKS GSYLISNI GdzNBE RAFFSNB
heat source. Practid heat pumps reach about %060 % of the theoretical value.

2.4.4.1 Vapor compression heat pumps

In vapor compression heat pumpsmechanical compressor performs the compressitine drive for the
compressoris in generabn electrical motor, but might be a cdmastion engine or a steam turbine as
well.

o)

compressor

evaporator
Q p

Figure2-8: Closed cycle vapor compression heat pump
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consumed byhe compressord 0 B 0 D

2.4.4.2 Absorption heat pumps

In absorption heat pumps, the compression of the fluid occurs difféyefithe evaporated working fluid

Aad I 0&A2NBSR o0& F fAlJdAR 60ItftSR aGfSly ®théhimitA 2y ¢ 0
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Here the working fluid is desorbed by high temperature heat, producing the vapor that goes to the
O2yRSY&aASN) 2y 2y S KIYERI0 KIYIR Fi2kSa 6ot SO 1y (a2 f idkiSk 25 G LI2 N
driving power nois no longer a mechanical degjcbut the heat supplied to the generator. The power
consumption of the pumps is comparatively small. The absorption heat pumps therefor have &ur he

flows: one into the system at the low temperature of the heat soume into at the high temperature
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of the generatoyand two heat flows out from the absorber and the condenser at the temperature level
of the heat sink.

Qe

generator

pump

Qa

absorber

evaporator

Qo

Figure2-9: Closed cycle absorption heat pump

2.4.4.3 Open cycle heat pumps

In some industrial applications, a process medium can be used as the working fluid. A good éxample
the evaporation process where the vapor from the evaporawused & aworking fluid. The vapor is
compressed in order to increase the condensation temperature tesh can beused as a heating
medium in the same process.

T
feed
)

SZ

evaporatof
>

condensate

product

Figure2-10: Vapor recompression heat pumf@pen cycle compression heat pump)

2.4.4.4 Heat pump working as dehumidifier
There is another possibility to use heat pumps in drying processedveing mounted and useas a
dehumidifier.
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Figure2-11: Heat pump vorking as dehumidifier (Source: Moser F., Schnitzer H.: Heat pumps in industry. Elsevier, 1985)

In this case, the drying medium (air in general) is cooledmn the evaporator of the heat pump below

the dew point. The medium will release the humidity lamid condensatewhich is taken out of the

dryer. The now dry air is reheated in the condenser and blown back to the dryer. Since the temperature
difference between evaporator and condenser can be very small, the COP of such a system will be quite
high.

2.4.5 Thermal storages in industry

To store thermal energy for processing requirements, hot water storages are by far the dominating
technology. These hot water storagesay be suitable for the integration of solar heat. Different
configurations of these storag exist.

On the one hangdthere are storages with a variable or fixed volume that are charged and discharged
with hot water.In these open storagesharging does not occur onlisingthermal energy, butilsowith

hot water asa mediumto be filled or withdrawn. In most of these storagethe storage level varies
according to the filling an@mptying behavior They are usally equipped with sensors for minimum
storage level and an overflovgince the charging and discharging of theses storages can happen
relatively short time with high flow rates these storages might not be stratified compareédaated

solar heatbuffer stores.

On the other handthere are closed buffer storageshat are energetically charged and discharged.
Usually these storages are heatedinginternal or externaheat exchangersSuch storages can be

connected to several processes or energy supply unitgtiargingand dischargng. They are usually

better stratified than open storagesand in principle solar heat can be well integrated next to the
existingcharging and discharginmprts.

A mudtitude of both storage typeqopen and closed storagesan be connected in series or parallel to
cover the demand of theompany.
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Another common storage type withindustryisthe hot water cascadeThis type isised to provide hot
water through thedirect utilization of steam. A hot water cascade is usually a vertical store that is fed
with the hot water return in the uper part. The return trickles over perforated plates and is heated by
the steam in counter flow. In the lower part of the cascaitie hot water flow is withdrawn.

2.5 Cold Supply of Processes

Cooling is decisive in many industrial processethe chemical ad steel industies, cold is requiredo

cool products and equipment of exothermal processesile in the food industry refrigeration is
required to ensurdood quality. Table2-2 lists examples of industrial processes with selected parameters
andcold demand

In industry cold is supplied to the processes either directly,tlie caseof the refrigerantthat is
transpated and evaporates at the process, through an intermediate cooling medium, such as glycol
water mixture, that is cooled in the evaporator and delivers cold to the proceasex) aheat
exchange. Both systems have their merits and drawbacks: whileatlicoolingreduces thelosses of

heat exchange, the transport of the refrigerant requires sensible operationsnaall variations in
refrigerant temperature affect the efficiency of cooling plants substantially. Basically, the equipment for
cold supply, gaporators or heat exchangelis,jn analogy tahe equipment used for heat supply.

The most common type of cooling machines in induiiie electrically driven compression chill&or
solarto supplyprocess coldanothertype of chiller mainlyreferred to asan absorptionchiller, is most
relevant. In absorption chillersthe electrical compressor is replaced by a thermal compressor: the
refrigerant is absorbed by a liquid solvent and pumped to higher pressure with only minimal power
input, sin@ the fluid is incompressibléAt a high pressure levethe refrigerant is desorbed from the
solvent, which requiregthermal energy for the endotheria desorption process. Energy demand is thus
shifted from electricity demand to heat demand. An importantcomplementary component to
absorptioncooling machines is the heat rejection system for the absorber and the condenser. Based on
its thermodynamics, the heat to be rejected absorption cooling is muchhigher in comparison to
mecdhanical compression chilie and the efficiency of cooling machéare significantly influenced by

the efficiency of th& heat rejection system. Fofurther details refer to specific literature €.9.,
Kohlenbach et al., 2013).

For industrial cold supply absorptiorpoling is moseconomi@l when waste heat is availabsothat the

heat generation does not aur costs. For plantetrofitting, the design of heat rejection systems is a
challenge as the existing rejection systems from the compression chillers will usually not be sufficient.
These challenges (low cost heat and low cost heat rejection) already indicate that in countries with
moderate climatesolar supplied absorption cooling faces an economic challédgepromising way for
absorptioncooling is to integrate the heat demand for coolingoirthe thermal heat system of the
company. h that way, waste heatsolar heatand possibly hat from cogenerationplants can act
synergisticallyto supply the thermal system (e,dheat loops or storages) and different processes,
absorptioncooling being one of them
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An important aspectfor the supply of industrial cold demand witibsorptioncoolingis the availability of
such systems on the markeEurrently, therds a lack of machines on the market the medium power
range (from 5@o 500kW).

In this guideline, the heat required by an absorption heat pump for cooling is seanhaat sink
(comparable to any other process with heat demasd}he concepts presented in the nectiaptels can
be adopted.Dedicated material on solar cooling is available from otherSB&Tasks. A comprehensive
textbookwasrecently published (Henning et al., 2013).
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Table2-2: List of selected cooling processes in industAEE INTEC, 2012)

Unit operation

Load profile

Typical demand

range and variability

Temperature profile and typicatooling system

Brewery

batch with variable load;

fermentation 1MW continuous via parallel 4-13°C direct evaporation or indirect cooling
processing

yeast tanks 30kwW batch with variable load | 6°C indirect cooling

storage cooling 1MW Ic;o;dtmuous with variable 0/-1°C direct evaporation or indirect cooling

Dairy

milk pasteurization 100kW continuous 6°C

product cooling (whey) 500kwW continuous 45-8°C river cooling or indirect cooling; partly headcovery

productcooling (whey 100kw continuous 50-20°C river cooling or indirect cooling; partly headcovery

concentrate)

product cooling (cream) 200kwW continuous 50-8°C river cooling or indirect cooling

product cooling rilk for cream)| 10kW batch 8-10°C indirect cooling

product cooling (cream) 100kW batch 21°C-11°C indirect cooling

equipment cooling (butter) 50 kW batch 2-11°C indirect cooling

product cooling (butter milk) 10kwW batch 6°C indirect cooling

product storage continuous 4-6°C indirect cooling

Meat processing

air conditioning in production | 100¢ 150kwW EJO;;”UOUS with variable +12-14°C direct evaporation or indirect cooling

cold storage 300¢ 500kw ICOO;;IHUOUS with variable +1-4°C direct evaporation oindirect cooling

storage (freezing) 80¢ 150kwW E)O;(;muous with variable -25°C direct evaporation or indirect cooling
. continuous with variable o . : - .

storage (shock freezing) 50kW load or batch -30°C direct evaporation or indirect cooling

Bakery

storage 10kw continuous +2°C8°C direct evaporation or indirect cooling

fermentation 150kW batch -7°C direct evaporation or indirect cooling
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batch with variable load;

shock freezing 200- 300kw continuous via parallel -30°C directevaporation or indirect cooling
processing

storage (freezing) 40- 60 kW ;;ogdtmuous with variable -25°C direct evaporation or indirect cooling

Fuit & vegetable trading

storage 200- 500kw ;;o;dtmuous with variable +2°G-4°C direct evaporatioror indirect cooling

Food trading

storage (fruits & vegetables) | 40¢ 60kW continuous with varload | +6-+14°C direct evaporation or indirect cooling

storage 150- 350kW continuous with var. load | +1-6°C direct evaporation or indirect cooling

storage (freezing) 20-40kw continuous with var. load | -25°C direct evaporation or indirect cooling

air conditioning in production | 50 kW continuous with var. load | 20°C direct evaporation or indirect cooling

Server farms

air conditioning okerver rooms| 1-5MW continuous 20°C river cooling or indirect cooling

Paint shops

process cooling (cathodic 50-200kwW continuous 30°C indirect cooling

painting)

process cooling (paint dryer) | 30¢ 100kW continuous 25°C indirect cooling

intermediate product cooling | 500- 1200kW continuous SEIC(O:D(]-O 14C indirect cooling

eqmp_ment cooling (welding 150kw continuous 40°C indirect cooling

machines)

air conditioning in production | 20- 105 kW 3-20°C

Production of tools

equipment cooling (machines) | 5¢ 100kW continuous 20-30°C river cooling or indirect cooling

Process cooling in paper mills and steel production

cooling of products 200¢ 500kw continuous 20°C river cooling or indirect cooling

agriculture

storage cooling 20¢ 50kW -3-15°C ébout80% ca. 4°C)

Processing of plastics

equipment cooling (injection
molding

5-15°C

30




IEA SHC Task49 Solar Process Heat for Prodetion and Advanced Applications Deliverable B2
SolarPaces Annex IV December 2014

3 Assessment Methodology for Solar Heat Integration

Bastian Schmitt

The effortfor identification of suitableintegration points for solar heat as well athe number and
complexityof possibleintegration pointscan vary significantly betweandustrialsectors andndividual

factories.To assistvith the necessary steps for a feasilyilassessmenthe methodology illustrated in
Figure3-1 can be used. This methodology can be divided into three main partsfepshility

assessmenfsteps 1 and 2), feasibility studyieps3to 7) and decision/further activities{eps8 and 9).
In the following, the single steps are brieflgscribed.

Figure3-1: Assessmenimethodology for solaheat integration
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