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About a fifth ofall primary energy inthe USis consumedy residential buildings,
mostly for cooling, heating and to provide electricity. Furthermmateofits are
essential to reducing this consumption, sitmeebuildings that exist today will
comprise over half of those use in 2050. Redential combined heat and power (
micro CHP, defined by <5 kW electrical generation capaditsts been identified as a
retrofit technology which can reduce energy consumptiaxisting homesluring

the heating season by3®%. This thesis investigat¢he addition of a thermally
driven chiller/heat pump to a CHP system (to form a trigeneration system) to
additionally provide savings during the cooling season, and enhance heating season
savings. Scenarios are identified in which adding therrthliyenequipment to a
micro CHP systemeduces primary energy consumptitimough analyticahnd
experimental investigation$he experimentdbcus is on adsorption heat pump
systems, which are capable of being used thithCHP engine@rime moversjhat

arealready widely deployed he analytical analysis identifies energy saving



potentialofigr i d f or todayds pr i-gmekfor vadousefueks |,
cell technologies.

A noveldynamic test facility wadevelopedo measure reakorld residentia
trigeneration system performangging a prototype adsorption chill@te chiller
wasdesigned and constructed for this thesid wagdriven bywaste heat from a
commerciallyavailable natural gaiieled 4 kW (electric) CHP engina control
strategy or the chiller was developed, enablm§-day experimento berun using a
thermalload profilebased oimoderateMarylandsummer air conditioning loads and
typical singlefamily domestic hot water demanalith experimentatesults in
agreement wittmodesk. In this summer mode egpending on electrical loadfiet
trigeneration system useg to36% less fuel than of§rid separate generation ampl
to 29% less fuel than ofgrid CHP without thermally driven cooling. However,
compared to ogyrid separatgereration, theexperimentafacility used 166 more
primary energyDespite high chiller performance relativeitothermodynamidimit,
this result is primarily due to the electrical efficiency of the prime mbearg lower
thanthe grid.A residentiakrigeneration system utilizing a high temperature tell

is predicted to save up to %2primary energy relative to the grid.
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ABBREVIATIONS, SYMBOLS AND SUBSCRIPTS

Abbreviations
Abs or ABs absorption
Ads or ADs adsorption

AB
AIC
AFR
AHP
B

B/F
CCHP
CHP
COP
C.V.
DAQ
DF
DHW
DOE
DMR
DTMR
EC
ECOP
EERE
EJ
ER
ERWH
EXV
f

fch
feig,inn
fcIt

fot
fexhaust
fucs
FC
GF
GFWH
h
HACD
HACT
HAHD
HAHT
HHV

auxiliary burner

air conditioner (for space cooling)

air:fuel ratio [kgi/kgrel or air flow rate [n/s] or [L/s]

adsorptioror absoption heat pump

burner

boiler or furnace (i.ea simplefuel-fired space heating device)
combined cooling, heating and power
combined heatg and power

coefficient of performance
control volume

data acquisition

direct fired

domestic hot water

US Department of Energy design of experiments

dead mass ratio
dead thermal mass ratio
external combustion

electric coefficient of performande E C O PY) =

DOEGs Of fice

of

Energy

exajoule (1.055 EJ = 1 quadrillion Btu)

electric resistance

electric resistance water heater
electronic expansion valve
fuel consumption per unit logwhereload= Loady + Loadsed, the same

as PER

cooling load fractionfyy = Load,y/(Loady + Loadied
inherent cooling load fraction

fraction of waste heat present in coolant
fraction of Carnot performance
fraction of wastdneat present in the exhaust

fraction of cooling provided by VCS

fuel cell
gas fired
gas fired water heater

heat transfer coefficiefitV m2K™]

heatactivated cooling device
hed-activated cooling technology/ies

heatacivated heating devi

heatactivated heating technolofgs

higher heating value

ce
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HP heat pump

HPWH heat pump water heater

HR heat recoverpr heat recuperation

HTC heat transfer coefficiefitV'm2K™]

HTF heat transfer fluid

HV heat transfer flid valve

HX heat exchanger

IC internal combustion

ICE internal combustioengine (reciprocating)

LHV lower heating value

LOO leaveone-out method

M mixer or molecular weight

oDC outdoor chiller

P pressure [kPabr [bar]

PHX plate heat exchanger

PR pressureatio or pressure recovery

Q heat transfer [kKW]

q heat flux[W/m?]

ref refrigerant

refrig refrigerator

RH relative humidity[%o]

RIC reciprocating internal combustion

RMSE root mean squared error

SH space heating

SHX solution heat exchanger

T temperaturg¢°C or K]

TDC thermallydriven chiller (equivalent to HACD)

Vv valveor volume [n? or L]

VCS vapor compression system

VvV vapor valve

Wi mass fraction of specie$kgi/kgio]

X vapor quality yapormass fraction)kgyag/kdod

Xi molar fractionof species [moli/molq]

Y loading [kgef'KGadd

Yi mass ratiof species [Kgi/KGnoni specied, OF, Where noted, mass fraction of
species [kgi/kgio

Z01 Mitsubishi Plastic AQSOA FAMZ01 zeolite

Greek Symbols

U heat transfer coefficient

b normalized temperatardifference

(00) changeor difference

U heat exchanger effectiveness

d efficiency

) parasitic electrical load per unit cooling ( ECOP")

o fractionalheat losses from prime movex{( 11 deecl duRr)
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Subscripts

inh
isob
isost

LTH

out
PM
PR

ref

rej

sat

sh
space
src
src,H
src,L

pinch penalty fraction of available heat notcovered due to being lower
than the desired utilization temperature

half cycle time (I tags+ thr + tpR)

residence timév/\" )

relative heat of sorptiory([ LgedLevap

absolute uncertainty

absorbent

adsorbent

approach (temperature)

bottom

temporary number used in intermediate or internal calculation

cooling

condenser

Carnot

driving temperaturer desorber

desorption

desuperheatér device that uses the refrigetauperheat from a space
heating heat pump compressor discharge to preheat DHW

electrical

evaporator

equilibrium

falling film

fuel chargeable to cooling

heating

high temperature

heat recoveryfor prime mover or adsorption dlar)

the mass flow inlet to a component

inherent

isobaric

isosteric(constant mass ratio)

lift or low temperaturer length

lower threshold

middle

heat flow out of a systewr thefluid outlet of a component

prime mover

pressure recoverfalso known as mass recovery in the literature)

reduced (i.e. relative to critical)

refrigerantor reference

heat rejection

saturation

superheat

the space inside a building occupied by conditioned air

heatsaurce(high temperaturaunless noted

high temperature heat source (typically at desorber)

low temperature heat source (typically at evaporator)
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stoich stoichiometric

th thermal

TH threshold

UTH upper threshold
vp vertical pitch
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1.1 Motivation

Il n summary, this work is motivated

the most efficientise of fossil fuels to provide coolidg®ince cooling ioften
present with some electrical load, there rbaybenefits to simultaneously
producing electricity and coolingn particular, the focus is on energy system
retrofits for existing buildings, as opposed to new construction where load

reduction measures anfien morecost effective.

1.1.1 The resideral sector

As justification for this approach, consider the current energy cqrtsum
in the US According to the DOE EERE 2009 Buildings Energy Data B@RE
2009, about 406 of US primary energy consumption (38.8 Quads) wathey
buildingssector. About half of that (20.8 Quads) was in the residential sector.

Thus it can be loosely said that one fifth of all energy consumed in the US is

consumed in residencdaurthermore, over half of this residential primary energy

is thermal, i.e. space heating (2%), space cooling (13.0%gndwater heating
(12.5%) Although refrigeratior{7.2%) cooking(4.7%)and clotheslrying
(4.2%)are generally provided by electrical or diredthel-fired appliances, these
are fundamentallythermal loads as welso that64% of residential primary
energy consumption is attributable to thermal loads 3&84 is attributable to

loads that must be mey lelectricity (mostly lighting and electronic3his ~2:1

e w

by
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ratio of thermal to electrical loads is similar to the ratio ofrtred to electrical

output from typical thermodynamic cycles used to produce electriRégkine,
Brayton, Diesel an®tto cycles). This begs the question, what gains can be
realized by producing electricity in a distributed way, thereby allowing the waste

heat to be utilized?

1.1.2 The importance of the residential retrofit market

The residential energy sector has been clearly demonstrated to be
important to reducing primary energy usage. Furthermore, the majority of the
market forresidentialenergy syst@sis in retrofits.

Consider data frorthe EIA Annual Energy OutlookEIA 2011). By 2030,
there are projected to be 12million households in the US. Of these, only 23%
will be constructed between 2010 and 2030, with the rest already existing today.
Thusit is clear that making major reductions in primary energy usage in the
residential sector will require retrofits.

The most cost effective retrofits begin with energy efficiency measures

such as minimizing infiltration and conduction losses.

Ingenerala bui l dingds energy consumpt.

is proportional to heat losses (or gains) and the space conditioning equipment
efficiency. In new construction, an enhanced building envelope (i.e. reducing
gains and losses) generally représea greater opportunity for energy savings

than enhancing the energy systems. For existing buildings, since the envelope is
already built, the conditioning equipment efficiency is generally the only

opportunity for significant savings.



1.2 LiteratureReview

The literature review first covers conventional residential CHP, which is the
provision of space heating, DHW and electricity (but no cooling) with a boiler or
furnace as backup. The fAunconventional 0 re
use of &/CS as backup heat source rather than a boiler. Next adsorption heat
pumps are covered, and enhancements to the adsorption cycle that have been
proposed in the literature. Finally an overview of the existing work on the

efficiency of thermally driven cyek is discussed.

1.2.1 Conventional residential CHP

Extensive |iterature exists concerning
conventional residential CHP system consists of a cogeneration engine, a grid
connection for electrical import and export, artabakup boiler to handle heating
during the colder days of the year.

CHP has two fundamental benefits to offer: reduced primary energy (fuel)
use, and reduced utility costs. In addition, it tends to haves@@dngs even
greater than its primary energy says by running on natural gas and possibly
biofuels.

The fuelsaving principle of CHP lies in the ability to utilize waste heat
from an engine, in contrast to centralized power plants which dump all their waste
heat to the environmerftigurel uses round numbers to illustrate this: to supply

the same electrical (1 unit) and thermal (3 units) loads, the CHP system uses only



5 units of fuel, compared to 7 units for the baseline system of a Rankine cycle
electric grd and an onsite fuddurning furnace, representingeduction ofnearly
30% over the baseline. Despite the higher-tagdower conversion rate of the
large centralized electric utility plants compared to a small onsite engine (in this
case, 33% comparedth 20%), the ability to use the waste heat on site allows the
smaller, lower efficiency engine to substantially reduce overall fuel consumption.
Figurel can also be used to illustrate the financial benefiigP.
Fundamentally, a unit of electricity is always more valuable than a unit of fuel,
since more than one unit of fuel is required to produce a unit of electricity. With
this in mind, note what the residence is actually purchasing in each case: for the
baseline system, 1 unit of electricity and 4 units of fuel; while in the CHP case, 5
units of fuel. The same amountsfeenergy is bought in each case, but with
CHP, 1 unit of expensive electricity is replaced by a unit of inexpensive fuel. If
the electreity-to-fuel price ratio is taken as 3:1 (e.g. 12 cents/kWh for electricity;
$12 per thousand cubic festnatural gas), then this also represents a reduction of

nearly 30% in utility costs.
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Figurel: lllustration of the primey energy savings of using conventional onsite CHP
compared with a baseline system

The simple analysis presentedrigurel does have some problems. For
one,the 3:1 ratio of heating to electrical loads, whichresponds to the ratio of
outputs of a typical small IC cogeneration engine, is only present for a few hours
per year. Most of the year, the ratio of thermal to electrical loads will be greater or
less than this value, and of course undergoes substaati@ldluctuations as
well. Thus, in order to reduce capital cost and increase the average part load ratio
of the CHP engine, conventional residential CHP systems generally include (1) a
hot water thermal buffer storage tank of 350 to 1000 liters (al®®@utal300
gallons) and (2) an auxiliary fuel burner (boiler or furnace) to handle peak heating
loads. Furthermore, during the cooling season, the only heating load is for DHW,
and a CHP engine sized for winter will be grossly oversized for providing DHW
alone, resulting in poor efficiency and low utilization during roughly half the year.

In general, a conventional CHP engine will be utilized about half the hours in a



year, and the auxiliary burner will consume about as much fuel as the CHP
engine.

The actal fuel savings realized by CHP installations in the field have
been well characterized by a number of studies, notably by the UK Carbon Trust
(2007). In a field study of 72 homes, it was found that appropriate residential
installations (using Stirling emges with only 6% electrical efficiency) saved 4
14% on primary energy, while some inappropriate sites actually saw an increase

in primary energy use with CHP.

1.2.2 Unconventionaksidential CHP

A fuel-burning furnace or boiler is not the only opti@m auxiliary
heating. Several researchers have looked at using a VCS as backup.

Miguez et al(2004) and Smith and Few (2001) dis@dysackaging a
CHP engine with a vapor compression heat pump (in heating mode). In general,
using a VCS instead of a bailenhances the annual performance of the system,
although it may be more difficult to package. Whereas a boiler caulieattly
to the thermal buffer tank already in place for the engine, the VCS needs to be
installed separately. On the other hand, rhostes in the US already have

ductwork for air conditioning which can be used for a heat pump.

1.2.3 Residential CCHP

To date, no experimental data has been published on resicmatial(<5

KWeled micro CCHP for space cooling.



Ge et al(2009) perfomed experimental and simulation studies on an 80
kWeiec gas turbinebased trigeneration system utilizing ammonia/water absorption
chiller. Li and Wu (2009) performed experimental work on trigeneration system
using a 16 kWecgas engine and adsorption hpamp.Tablel summarizes the
most closely related experimental work.

All of the work summarized iffable1l used commercial reciprocating
engines, and the majority alsalized commercial cooling equipment. In this
dissertation work, a prototype chiller was constructed. The capacity of the
prototype chiller was limited by the availability of sizes in desiccaated heat
exchangers which were donated by the desiccant fiactcer. Had any size been
available from the manufacturer, the chiller could have been about 6 kW for a 4
kWeec€ngine. The engine was chosen from very limited commercial options in
the US. The most optimum combination of sizes for an average US-fanglg
residence may be aZlkWgec€ngine with a 2 kW chiller.

Tablel demonstrates the literature gaps that are addressed by this
dissertationThis dissertation work is the first research on fossil fuel pede
trigeneration using driving temperature of less than 75°C, to use coolant heat as

well as exhaust heat from a small prime mover.



Tablel: Summary of gaps in published literaturesomall and micrdrigeneration

Gluesenkamp Khatriet Angrisani Lin et al. Li and
(2012) al. (2010) et al. 2007) Wu
2012) (2009)
Prime mover 4 kW 3.7kW 6 kW 9.5 kW 16 kW
description SI-ICE CI-ICE SI-ICE CI-ICE ICE
Chiller 3 kW 0.04 kW 10 kW 0.04 kKW 10 kW
description zeolite NH; LiCl NH; silica gel
and A/C refrig. A/C refrig. A/C
Tl'egenel'ation 70°C 115°C =80°C =200°C 80°C
Prime mover p p
<5 kKW yes YV’ o Y no no no
“L‘ill‘ e” - - -
chillegl'* ves 4 no yes 4 no yes 4
Coolant N
waste heat Y’ no no no no
yes
utilized -
Driving N
temperature ves v’ no no no no
<75°C -

*Here fAlargeo is defi ne d25%tsePMelectical tapasity capacity mo

A heatactivated heat pump can, in general, provide either heating or
cooling. In cooling mode, it will convert high temperature heat into low
temperature cooling, regéng both of these energy inputs at an intermediate
temperature just above the ambient. In heating mode, it will accept heat both from
the high temperature source and from the low temperature ambient, and provide
both of these energy inputs at an interratdtemperature for space heating. In
practice, hea#ctivated systems have mostly been explored for cooling, and this
section summarizes some of these studies.

Li and Wu (2009) discuss packaging a water/silica gel adsorption heat
pump (in cooling modeyith a CHP engine (16 kW electrical capacity).

Huangfu et al(2007) experimentally evaluated an adsorption chiller for

CCHP operation. They also discussed the control strategies of how to operate the



adsorption heat pump at part load: 1) varying the &atpre supplied for
desorption 2) varying the mass flow rate of heating water supplied for desorption

3) varying cycle time and 4) varying mass recovery pattern.

1.24 Adsorption heat pumps

The adsorptiomefrigeratorwas first developed more than 1¥€ars ago,
and due to the advantage of not requiring electricity, it was popular in railcars and
other applications in an era without an electric grid. The technology all but
disappeared following the popularity of the vapor compression cycle.

In recentdecadesadsorption chillers and heat pumps have been explored
by several researchers. Research in the technology underwent a revival in the
1990s, with a large number of papers being publisiveze then

Chen et al(2010) proposg¢an adsorption heat pyndesign without
valves.

Alefeld and Radermacher (1994) and Herold et18196) defind the
COPs achievable by ideal absorption heat pumps and refrigerators, and Meunier
et al (1997) usd this as a starting point to establish the fundamental efficiency
limits of adsorptive refrigeration cycles. While the theoretical performance limit
of absorption cycles is equal to the Carnot limit, the theoretical performance limit
for adsorption cycles is always less. This is due to the alternating nature of the
adsorpion and desorption processes, meaning that the adsorbent beds must be
sensibly heated and cooled in transition between adsorbing and desorbing modes.
Even i f the heat used to heat the fndead

for at least some podin of the cycle a finite temperature gap must exist between

ma



the effective cycle temperatures and the heat reservoir temperatures, no matter the
device design.

To quantify this performance degradation due to adsorber/desorber
temperature swings, it is nessary to assign a finite heat capacity value to the
adsorber beds.

Meunier et al(1997)definad a basic adsorption cycle as having a single
bed, which is incapable of regenerative heating, and the condenser and adsorber
temperatures are assumed to beaédtor this cycle, a typical COP will be one
fifth of the Carnot COP.

However, it is important to note that, despite this difference in theoretical
performance limits, practical devices may not follow the same trend. In particular,
performance limits cabe defined based on fluid properties rather than simply
temperatures. From Alefeld and Radermacher (1994), the COP of absorption

systems is limited bizquation(1).

— hfg
cop=——"9 (1)
hfg + ID‘nix

1.25 Proposed system enhancements relevant to residential adsorption systems

Zogg et al(2005) dscussed ways to improve absorption systems, and
some of their suggestions can also apply to adsorption systems. In patrticular,
using a direct expansion (DX) evaporator to directly cool the building air would
lower the overall temperature lift required bétheat pump. However, a DX

evaporator would require a new evaporator design, as conventional evaporators

10



for vapor compression systems would not be suitable to the very low working
pressure and higher sensitivity to pressure drop of adsorption heat fAsvghso
noted by Zogg et a(2005) a falling film design could be effective and practical
as a DX evaporator for this application.

For the present experimental study, a chilled water loop was selected as
the heat source for the evaporator for easeazsurement, control, and
installation in the lab. However, it is expected that a commercially available
residential adsorption system would likely utilize a DX evaporator of novel
design. Compared with a chilled water secondary loop, this would miningze th
overall temperature lift, reduce system complexity, and be more compatible with
existing air conditioning ductwork.

Another cycle modification proposed by Zogg et(2005) is to boost the
adsorber pressure (or reduce the desorber pressure) utilmngllgpressure ratio
axial fan. This was proposed primarily as a means of avoiding crystallization in
waterLiBr absorption systems, and it does of course incur a parasitic penalty by
requiring electricity to run a fan. However, the fan could potentimlysed in an
adsorption system to boost the system performance during the extremes of
ambient conditions, in order to allow the overall system to be sized slightly
smaller, potentially mitigating capital costs and raising the seasonal average part
load utlization ratio. In the adsorption cycle context, it is possible that a control
strategy which utilizes mechanical pressure boosting for a short period at the end
of the desorption/adsorption process might enhance capacity with a minimal COP

penalty. Furter study would be required to evaluate these potential benefits and

11



weigh them against the additional parasitic load and system complexity. In
addition, this idea would not apply to systems which use water as a refrigerant,
since no compressor exists at #ppropriate scale to pressurize saturated water
vapor at evaporator conditions (with a density-bnadredth that of atmospheric

air).

1.26 Carnot efficiency for heaactivated cycles

For reference, contour plots are created here for the Carnot {J@8&to
activatedcooling and heating devices, as shown in Equa{i®nand(3) and
Figure2 andFigure3.

T,-T, T,
CORjucp = 2-|- 1ﬁ
2 h™lo

2

[1 (Heat Rejection Temperature) [°C]

50 60 70 g0 90 100
[2 (Regeneration Temperature) [°C]

Figure2: Carnot cooling efficiency (CQRcy) for an ideal heaactivated cooling device
providing cooling at 10°C.
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Figure3: Carnot heating efficiency (CQRcy) for an ideal heaactivated heat pump
device providing heating at 30°C.

In practice, most heactivated cooling devices dwt qualitatively follow
the Carnot efficiency trend of increasing COP with increasing regeneration
temperature. Typically there is some minimum regeneration temperature for
proper operation, and as the regeneration temperature increases above that
minimum, the device COP does not change appreciably (unless the cycle is
fundamentally changed to better exploit a higher temperature, such as going from
a single to doubleeffect chiller). Thus it can be said, for a particular device, that
thefraction of Carot (also known as th8econd Law efficiengydefined in
Equation(4) tends to drop with increasing regeneration temperature.

_ COP
Ct COFét

(4)

In a Carnot cycle, all heat traes$ occumcross infinitely small
temperature differentigl and all mass and momentum transfers (e.g. pumpi

expansion, pipe flow) are reversible. In order to precisely quantify the deviation

13



of a cycle from the Carnot ideal, it would be necessary to know the finite driving
potentials and corresponding flows for all heat, mass and momentum flows in a
systemFurther, in a system such as an adsorption cycle which has no true steady
state, these potentials and flows must be integrattihénas well as space

To pinpoint the areas in which design changes can have the largest impact
on COP, the sources of entsogeneration within the cycle can be analyzed. This
i's because the degree to which a systemos
depends on reducing irreversibilities, which are proportional to entropy
generation, as discussed by Bejan (1982). For analfysesab conversion
systems, it is convenient to classify the various sources of entropy generation into
three categories. External thermal coupling covers any heat transfer across a finite
temperature difference between the cycle and a reservoir with Wwhich
communicates. Internal thermal coupling covers heat transfers among components
within the system. Finally, the fAothero ca
to phenomena such as viscous friction, chemical mixing, turbulent expansion, etc.

In vapor canpression systems, it turns out that the most important entropy
generation generally occurs within the compressor (due to heat transfer to and
from the refrigerant during compression) and expansion valve (unrestrained
expansion). In absorption cycles, twmpressor is eliminated, but expansion
losses still occur, and mixing of different fluids also contributes. For a well
designed absorption machine, the main irreversibilities occur in internal thermal
transfers (solution heat exchanger) and external #idramsfers (in the

condenser, evaporator, and generator) (Herold £046).
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Adsorption cycles, by their very nature, require periodic heating and
cooling of the adsorbent. Thus external thermal coupling entropy generation is
very significant in adsotmn cycles. Indeed, Meunier et £1996) calculate that,
for a basic cycle (a single adsorber without regeneration), 97% of the overall
entropy generation is attributable to external thermal coupling, and the COP is
only one fifth of the Carnot COP. Rewation (using two uniforAremperature
adsorbers) improves the cycle COP by 50%, with external thermal coupling then
contributing 70% of the irreversibilities, and internal thermal coupling (i.e.
regeneration) contributing 22%. Further gains can be eshby increasing the
number of adsorbers, or using a better regeneration process such as thermal wave
regeneration rather than the uniform temperature process.

It is important to remember the role of fluid and mixture properties in
determining system penfmance. While absorption systems are basically limited
to two working pairs, adsorption systems have a much wider variety of possible
working pairs, with many being developed. Thus, despite the inherent penalties
involved in cyclic heating and cooling, satption systems could theoretically
perform better than absorption with suitable working pair and design for heat and
mass transfer.

An opportunity exists to improve adsorption system performance by
reducing the fAdead t he rxaonhangersmidiswoald of t
benefit adsorption cycles independent of working pair selection. Current
adsorption devices face a compromise between efficiency and power: on one

hand, a packed bed of adsorbent pellets can be used, yielding a very low amount
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of deadmass and high COP, but with poor heat transfer characteristics and
therefore long cycle times required, resulting in low specific cooling power

(SCP). On the other hand, a thin coating of adsorbent can be placed -@ma fin
tube heat exchanger, yieldiegcellent heat transfer characteristics (short cycle
time; high SCP) with the penalty of a very high dead thermal mass ratio (and thus
lower COP and more need for regeneration).

If a coated heat exchanger can be developed that reduced dead thermal
mass wile maintaining good heat transfer characteristics, it would advance the
Pareto front of SCP vs COP for adsorption machines. Additional contributions
would be making the system more compact, or increasing volumetric cooling
power (VCP).

For stationary (e.gesidential) applications, the development of a heat
exchanger with lower dead mass and better heat transfer characteristics can
improve the achievable temperature lift. This translates into less degradation of
capacity and COP at extreme environmenpalditions, allowing the system to by
sized smaller and therefore be less expensive.

For conventional automotive applications, the available waste heat is
generally greater than the required cooling load. This means that there is some
threshold value forhiermal COP above which additional COP gains do not
improve system efficiency. On the other hand, increases in SCP and VCP always
return benefits by reducing the parasitic weight and volume that the vehicle must

carry. If the dead mass is reduced enoughptitential exists to create a device
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with sufficient efficiency that does not require regeneration, greatly simplifying

the plumbing required.

1.3 Objectives and Approach

This thesis has two main objectives. The first is to determine and
investigate th@erformance limitations of trigeneration systems, both analytically
and experimentally. Since dynamic (lefdlowing) operation is an important
aspect of actual system performance, the experimental work involveddawlti
experiments that folloedrealisic residential load profiles. Furthermore,
development of a control strategy for novel prototype equipmenawetcal
enabling step fothis loadfollowing experimental approach. The analytical work
allowed this objective to be addressed for idealesyst a range of commercially
available systems, and a range of technologically feasible systems.

The second main objective is to enhance trigeneration system performance
by developing cooling strategies for high ambient temperatures. Operation in high
amhbent temperature conditions is one of the primary technical barriers for many
thermally-driven cooling systems. This second objective was addressed through a
modelingbased approach.

A further note is warranted on the first objective. This first objedsive
closely related to determining the enesggawing potential ofmicro trigeneration
This potentiacan be evaluated on economic or energetic terms, and this thesis
focuses on the energetic evaluation since the benefits of a technology need to be
identified before investment would be justified. However, since high initial cost is

aprimarypractical barrier fopolygeneration systems, the costs of components,
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manufacturing, and installation are always kept in mind. In this thesis, the

working definitonofi e ner get i ¢ s ui t -&igendration gystem s t hat
should result in a reduction in primary energy consumption to meet a given set of

loads when compared to the conventional methods of meeting those loads

Suitability thus depends on (1) trigeaton technologiespfime movers and

thermally driven heat pumps), (2) the loads to be met and (3) assumptions made

about the baseline system. The various combinations of these three elements are
practically infinite, so an impliciadditionalobjective & to develop meaningful

evaluation criteria that lead to helpful results.

1.4 Dissertation Organization

Chapter ldescribes the background behind the dissertation, and a review
of available literaturewith gaps identifiedo support the contributierof the
dissertationChapter2 contains a analysisof trigeneration systenthat justifies
the experimental and simulation work described in subsequent chapters. It also
provides insights into the most promising directions for trigeneration research and
developmentand the performance potential of such systéwest, rovel
applications of separate sensible and latent cooling (SSLC) to trégiemesre
described in Chapter, 8ince theeSSLCstrategieplays a rolen subsequent
chapters. Chapterdescriles the development of the experimental test facility,
with experimentafesultspresentedn Chapter 5Component and systemodels
are described in Chaptéyincluding analytical, thermodynamic, and empirical

models of the adsorption cycExperimentaresults are used to validate the
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variousmodels Finally, conclusions and recommendations for futvoek are

provided in Chapters 7 and 8
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ChapPtReersi denti al sTEmerqy 0%Wys taend
Anal ysi s

Do polygeneration systensave enerd¥At first glance, there are
arguments for both sides. In favoraétributed smaltrigeneratiorsystemsheat
energyis utilizedthat would otherwise be wastdd favor of centralized
generation with distributed vapor compression systems, centralized gptatvens
have the economies of scale to maximize electrical generation efficiency.
Numerous other relevant factors can be identified, such as the type of prime
mover technology, the efficiency and parasitic electrical consumption of
thermally driven equipent, and more. The question quickly becomes a complex
one to answer.

This chapter addresses this central questidivérsections. First,

At e mpecruamuwlraet i v analysig@r t(or -Qaaalysiskestablishes

whether residential loads demsibke candidates for trigeneration at all. Next an
inventory of possible residential systems is presented for perspective on the issue.
These possibilities argarrowedn the third section, which addresses the

matching of prime movers with appropriate thedgrdriven equipment. Finally,

the fourth and fifth sections address thigginal question directly with an

analytical treatment based on simple modekhefmost relevant systerend

chapter conclusions are summarized in a sixth section.
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2.1 T-O analyss of feasibility of residential trigeneration

Figure4 depictsU.S.residential loads in &-Q diagram, aentraltool of
pinchanalysis (Kemp, 2007) (also called pinch technology or process
integration). This diagm plots the various heat loads as lines where the width
corresponds to the heat requifed/] and the height corresponds to the
temperature change required. The slope thus corresponds to ttse iof/beat
capacity flowrate (e. [K/kW]), or the tempetare change for a unit of heat
extraction,of the streams. The units of heat load used here are Quads of site
energy per year (according to the DOE EERE Energy Data BpkThe four
loads requiring heat addition have been laid out one after the other horizontally,
and similarly for the three loads requiring heat removal.

Three insights can be gaingdr this residential-Q diagram: (1) the
limited opportunities for recuperative heating can be identified, (2) the exergetic
waste involved in furnaces and boilers can be seen, and (3) the potential for
matching orsite polygeneration system to residelntiads can be seen.

TheT-Q diagramin Figure4dcan be redrawn as a ficomposi
shown inFigure5, in which the heating loads have been combined, and the
cooling lboads have been combined. In general, inspection of the composite curve
reveals opportunities for recuperative heating: wherever a tempeoatenap
occurs between heating curves (curves with positive slope) and cooling curves
(with negative slope). Thuscan be seen that there is very little opportunity for
recuperative heat transfer in residential systemg only opportunity appears to

be using DHW as a heat sink for space cooling over a small temperature overlap
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(about 15 to 25°C). Aito-airrecug r at i on of ventilation air (
ventilators, o0 or ERVs) is another opportun
here, emerge when the actual component temperatures of vapor compression units
are depicted. This would show the possipitit using a desuperheater on a heat
pump or air conditioner to heat DHW.
Another instructive aspect &fgure4 is to consider the combustion
temperature of fossil fuels typically used farating. Burning fossfuels at
thousands of degrees is clearly not necessary for any typical residential loads,

particularly for the largest residential heating loads of space heating and hot water

heating.
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Figure4: Approximate residential thermlmlads for the entire US
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Figure5: Hot and cold composite curves faygregated annual residential thermal loads

T includes both space heating and space cooling
Finally, the third insight comes from comparing the loads to thetevheat

available froman engineFigure6 showsthe case for winter, in which engine

waste heat is well suited to the DHW and space heating loads of a residence.
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Figure6: T-Q match béween SIICE engine waste heat and residential winter heating
requirements

Figure7 depicts the case for summer, during which there are average

spacecooling and DHW loads. The DHW load is met directly by engiaste

heat, while the cooling load is met by the evaporator of an adsorption heat pump.
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Since the adsorption heat pump COP is assumed as 0.5, the width of the desorber
line is twice the width of the evaporator line. The engine waste heat is again well
suited to the loads, and importantly, this engine is of similar capacity to the engine

used in the summer case (7 kW waste heat in summer, 6.5 kW waste heat in

winter).
1000 ——heating required
3
o 100 - cooling required
5
© W
o ads. heat pump
E 10 > desorber
@
= ads. heat pump
1 NS S O N evaporator
01234567 8910 —engine waste

Heat Load [kW] heat

Figure7: T-Q match for SIICE engine andeasidential summegzoding with heat
activated air conditioning device

This initial T-Q analysis shows that there is potential for using residential
cogeneration engines as waste heat sources for themniaky residential
cooling.

In practice, a storage tank would gensrakist between the heat source
and the loads. This means that a third line, representing the tank temperature,
would lie in between the source and loads in th@ diagram. This line would be
at best horizontal when thermal stratification is used to @aigbnstant high

temperature availability.
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2.2 Inventory ofesidentialenergysystems

In this section some perspective is offered by providing an inventory of (1)
nonCHP residential energy systems, (2) CHP residential energy systems and (3)
polygenerdbn systems.

In most residential energy systems today, each load ibyr@etub-system
which is completely independent of all otlseib-systens. For examplea water
heater provides hot water, a furnace provides heating, and a VCS provides air
conditionng. Yet, it is very common foboth natural gas and electrical grid
connectiongo be presenh typical US homes, and thus no infrastcual reason
that each home can tact as a snllacogeneration facility, importing gas and
importing or exporting eledcity.

Table2 shows30 possibilitiesfor providing electricity, space heating,
spacecooling, and domestic hot water to a residemitbout CHP. It is assumed
the residence requires both space heating and coalimgch typical yearEach
possibility is characterized by the equipment present onSsitdems are
distinguished by the following:

- the source of heating, whetHawiler/furnace (BF) VCS, or electric
resistance (ER)

- the method used for water heatiggs fired (GF), electric resistance
(ER), or heat pump (HP)

- the presence or absence of a desuperheatbeanainVCS for pre
heating domestic hot water

- ifaVCS is used for heating, the presence or absence of backup heat,
whether gas fired (GF) or eleictresistance (ER) backup

E a ¢ h infTable2 represents a physical device instalithen a VCS is

present for space heating, it is assumed that VCS will also be used for cooling.
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Table2: Baseline (norfCHP) systems

Space heating and DHW
Systems .
cooling component(s) components
# of Description| VCS VCS Boiler/ | ER Backup | Primary | Desuper
systems cooling | heating | furnace | heating| for water | heater
in row VCSyg | heater
Baselingl
GF/ER/
6 gas heat X X HP y/n
Baselinel
18 | VeS heat BF/ER/ GF/ER/ yin
none HP
Baselingl
6 |ER heat X X CEERL yin
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Table3: CHP and CCHP systems

Or)3|te Space heating and DHW
Systems prime .
cooling component(s) componerg
mover
#in Description| Engine| VCS VCS AHP AHP Backup | Primary | Desuper
category with cooling | heating | cooling | heating | heating | water heater
HR heater
CHP-
4 X X BF/ER PM /n
VCSyq y
CHP- BF/ER/
6 VCSi X X none PM y/n
CCHR
2 AHPg; X X BF/ER PM
CCHR
6 | AHPyy X X X SFERI| b yin
VCSnyg
CCHPR
6 AHP - X X BEéEE/ PM y/n
VCSen
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Table3 shows a comprehensive list2f possible polygeneration systerits.
includes adsorption/absorption heat pumps (AHP3tihg and cooling VCSs, and
assumeshat the prime mover will serve as the primary heat sqfiocdoth space
heating and DHW)it is also assumed thabackup heasource is requiredind if a VCS
heat pump is the backuan additionabackupmay also b requiredAdditional
assumptions are listed in the following page.

In asimplified model, the number of possible systems scalk} aherek is the
number of possible devices that could provide each amenity (e.g. electric heater, gas
heater, desuperhtea, etc)andn is the number of amenities (e.g. domestic hot water) to
be providedFor example, if electricifyhot waterand space coolingre required, and
each could be provided bypdssible deviceghere would be 3= 9 possible systems.
Changing lhe number of possible devices thus very rapidly increases the number of
possible systems, with, for examplé 5125 systems possible if each of three amenities
has five possibilities.

In reality, each service does not have the same number of possilzibtithe
others, and certain possibilities preclude others. Fanpba if a home is to be heated
with a vapor compression heat pump, then that heat pump will also be available for
cooling duty in the summer via awlay valve. Another example is thatnid heat pump
is used, then a desuperheater for DHWheating is not possible.

Despite the expectation of possibilities increasing exponentially as additional
component possibilities are considered, there are fewer possibilities with an onsite engine

than without. This is due to the assumption that the onsite engine will always be the

28



source of DHW, whereas for all cases without an onsite engine there are three

possibilities of DHW devices.

Table3 contains?24 possbilities with an onsite engingompared to the 30

baseline possibilities imable2).

Assumptions used ihable3:

Grid power is available
If a CHP system exists onsite, it leetsource of DHW

The use of a cogeneration engine for DHW does not require backup, but
use for space heating does

A CHP system is always packaged with a backpgceheating sourcé a
boiler, furnace, or VCS.

Since the capacity of a VCS for heating carsbverely reduced at very
cold amlent temperatures, it is common practice for standaWi®
unitsfor heatingto be packagedith a backup heating sourfelectric
resistance or boiler/furnacélhis may be required even if the VCS itself
is a backup foa cogeneration engine.

If a VCS heating system is in place, it includes\say valve allowing
cooling operation as well

Directfired thermallydriven devices are not considered

Some possible devices not consideredable3:

Solar space heating
Solar hot water
Biomass space heating (evgpod stove or pellet stove)

Backup generator for grid power outages

Some possible loads not consideredable3:

Pool heating

Refrigeration
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In the following sections, these multitudinous system possibilities are rédace
four: (1) griddriven VCS,(2) directfired heatdriven chiller (3 engine headriven
chiller, and (4 engine driven chiller and VCS.

Although not considered in subsequent analysis,imhportant to make note of
heatdriven heating device# heatactivated heat pump can operate in heating mode,
drawing in heat from thlew temperature ambient (e.g. 5°C) and providing this heat at
the required gace heating temperature (e.g°@GQ Sin@ the high temperature driving
heatwill all exit the device at usefidpace heating temperature, the thermal COP of these
devices in heating mode always exceeds 1, and a general rule of thumb is for the COP to
be about 1.5.

A COP of 1.5 means that everkrecovered from the CHP engine at high
temperature can be used to deliver 1.5 kW at the space heating temperature. This
provides a significant boost in heating capacity, but has significant limitations.

Consider that a typical auxiliary furnace or baqileackaged with a CHP system,
will have a heating capacity several times the maximum heating output from the engine.
Thus, even with a HAHD, another auxiliary heating device will likely be required to
avoid having to ovesize the CHP engine. This auxiljadevice could be a boiler,
furnace or VCS, just like in the case without a HAHD.

A second limitation of using a HAHD for heating is that water is a common
working fluid for these systems. Since pure water will freeze at 0°C, and since an
approach tempetare exists in the outdoor evaporator, the HAHD would only be
utilizable down to an ambient air temperature of perhaps 5°C, unless it has a ground

source heat exchange loop or cascade arrangement with a VCS.
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A third limitation is that evaporator and comder designs for heattivated
systems argenerally quite differerit in contrast to a VCS, where the condenser and
evaporator haveelativelysimilar designs. Thus reversing operation of the heat pump
between summer and winter is more problematic fat-&etivated devices than it is for
vapor compression devices.

A final limitation is with the heat rejection temperature of HAHDs. Conventional
heating systems have supply temperatures arowa®4D. However, common HAHDs
suffer from performance degradat at temperatures about about 35°C. Thus using
thermallydriven systems for heating may require novel approaches, whether low
temperature heating (e.g. underfloor radizeiting, or designing for high air flow rates),
cascaded systems for reduced terapee lift, or thermallydriven system strategies for
elevated temperature lift.

Currently, several European manufacturers are looking into commercializing gas

fired, adsorptiorbased HAHD as boiler replacements.

2.3 Trigeneration device matchiigrime movers and thermaldgriven chillers

A survey of thermallydriven cooling options was carried out, with the results

shownin Figure8, which was published iGluesenkamand Radermaché2017).
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Figure8: COR, vs. regeneration temperature of heat activated cooling technologies
(Gluesenkamp and Radermacher, 2011

As shown inFigure8, higher heat recovery temperatures generally alietter
thermal COPs. Howevegt residential scales, only ICEtirling, and PEMFased CHP
units have been commercialized, which have heat recovery temperatard @b to
about 78C. This limits the possibilities for residential trigeneration to adsorption and
half-effect absorption technologies.

Regarding prime moverg,is important to consider the type and quality of waste
heat available from each type. An analysis oftédmperature versumimulative heat
transfer(T-Q analysis), a tool of pinch analygksemp, 2007 is indispensabléor
making these comparisons of waste heat available from various prime movers.

From a systenperspective, the fuel energy that enters a prime mover exits in four
ways: as electricity, exhaust/flue gas enthalpy, coolantheat,afot her 0 | osses
convection and radiation from the surfaces of the device, cyclic heating of components,

etc.) In the analysis that follows, it is important to note that representative values are used
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in this work to highlight the major diffenees among prime movers, and the particulars
for each prime mover type can vary considerably depending on the design.

In the interest of a sefontained analysis, a reasonable estimate of the initial
exhaust temperature can be obtained from an energgdsaaround the prime mover.
One simple expression of this balance, showguoation(5), is possible with the
following assumptions:

- constant specific heaf exhaust gases
- exhaust gas is not cooled below its dewpoint
- waste heat is defined as all fuel energy not converted to electricity

- values forAFR fexhaust @ eldcére @mpirically known

a

5 1 1
TeX aus @I-am ien HV f exnhal 1 /? e (5)
haust = amo ‘Q+AFR@_ )T el ')fé@?

,exhaust

Evaluation of this equation requires three empirical sydésal values: the air
fuel ratio used by the device (AFR, mass basis), the electrical conversion efficiency
(detled, and the fraction of waste heat rejected in the exhfust{. Here, waste heat is
defined as fuel energy not converted to electricity (i.e. waste heat is proportional to 1
Cleted)-

The water vapor content of combustion exhaust is generally quitechigpared
to normal air, due to the water formed in combustion. The mass fraction of water in the
exhaust will depend primarily on AFR and ambient humidity. For a uniform, equilibrium
cooling process, the exhaust dewpoint is the temperature at whichvapdewill begin
to condense. The exhaust dewpoint is equal to the saturatnperature of water at the
water vapor partialqgssure in the exhaustigure9 shows the effect of AFR and ambient

humidity ratio onthe exhaust dewpoint. The graph has been generated by assuming
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complete combustion of methane and air (all fuel is converted t@a@®HO), and that
the exhaust gas cools in a qustg@ady equilibrium process at standard atmospheric

pressure without anyostcombustion dilution.
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30 - Inlet humidity ratio = 0.02
—@-Inlet humidity ratio = 0.01
207 =+—Inlet humidity ratio = 0.00
10 | | \ | \ \ | | \
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Combustion equivalence ratio [AFR;.n/AFR]
Figure9: Water dewpoint of combustion exhaust as function of AFR and ambient humidity ratio

Figure10shows what this means for the four prime movers thattra large
fraction of their fuel energy in the exhaust, assuming the AFR values shdwablev
(note that equivalence ratio, AER/AFR, is denotedi). Prime movers with higher
exhaust dewpoint have moretgeotial to extract heat of condensation from the exhaust
stream given a suitably lotemperature thermal load and/or suitably large temperature
glide in their thermal load. This possibility is explored later Ggeare108to Figure

110.
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Table4: Parameters uséd calculationdor micro-scde devices (~25 k\..for MT and ~5
kW, for all others)

Device AFR YHZO,exh Fuel d.elecLHV fexhaust fclt Tclt,hi/TcIt,Io
[KQaid  [KQH2d/  [-] LHV  [KWeed [KWex/ [KWoer/ [°C]
KOruel] KQexi] § [kJ/kg] KWiyel KWuwn] KWy
SOFC 52 002 0.33 48,700 0.5 070  0.00 (no coolant)
SKICE 172 0132 1.00 48,700 0.2 035 0.46 75/ 65
CI-ICE 30 0.082 057 48,700 0.24 0.3 047 85 /75
MT 115 0.29 0.15 48700 025 0.80 0.00 (no coolant)
SE/ORC 30 0.082 057 48700 015 015 0.67 45 | 35
LTPEMFC (N/A)" (N/A) (N/A) 121,000 0.40 000 0.7 65/ 55
HTPEMFC (N/A)" (N/JA)' (N/A) 121,000 040 0.00 0.5 125/115

*it is assumed that PEMFC exhaust exits stack at coolant temperature and is cooled by intake air,
thereby leaving control boundary near ambient teatpee

A

for i nl et

air

at

25AC [egmatka5 %

RH

(humi dity

For consideration of the heat available in the coolant as well, empirical

knowledge of the fraction of waste heat rejected in the codlahatd the coolant

temperatires (Tin and Te o) IS also required. To creafégurell, a TampientOf 25°Cand

a constantp exnausOf 1.2 kJ/kgK were assumedilong with the values ifiable4 for

each prime mover. Most devices are assumed to run on natural gas, which has a

stoichiometric AFR of 17.8kgai/Kgre] . Regarding PEMFCgnly thoserunning on pure

hydrogen are consider@athis work
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Figurellshows the available waste heatéayhtprime movers of interest to
micro polygenerationAlthough not available at micro scales, the molten carbonate fuel
cell (MCFC) is also included for comparis@xl prime movers have been assumed to
lose 15% otheir fuel energy as uoaptured heat dissipated to the ambiEach line for
exhaust heat assumed constant specific heat and extends down to the dewpoint
temperature of the exhaust (corresponding to the water mass fraction shicainteh),
which very closely approximates the heat released by the LHV of thd-igete11 has
many uses for comparisons among prime movelsoatierof-magnitude analyses. For
example, lp visual inspection oFigurel1, one can determine how mulshatis

available at a certain temperatfi@m each prime mover

700
—_SI-ICE
600 MCFC
--- CI-ICE
— 500
O ——SOFC
© 400 MT
% ------------- SE or ORC
EJ_ 300 «esses HT-PEMEC
= LT-PEMFC
2 200
100
0

0% 10% 20% 30% 40% 50% 60% 70%

Heat as fraction of fuel consumed [KW, ../kW;,.]
Figurell T-Q diagram for micro prime move temperature vdraction of fuel energy)

In addition,Figure12 shows the TQ diagram with heat depicted as the fraction of

total waste heat rather than fraction of fuel energy.
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Once the availabl e wast e HasiaRigurélidreat s o
Figurel?2),thenext#p i s to fAmatcho it to a | oad, by
heat can actually be used by a given load. The line for a coisgtacificheat load
consists of two points at the starting and ending temperatures (e.g. 25°C and 60°C for
DHW). A restriction on the location of this line is that all points of the load line must lie
below the source line, and be separated at every location by a minimum feasible local
internal temper at Upnhe Idni ftfheersebr,cedl, ik wdgel neost,e dgp
chosen.Th | ocatTmpms ofald egd a Apinch point. o

Using the information contained kigure8 andFigurell, each prime mover can
be matched with a HACD technology. In marases, more than one HACD technology
is possible for a given prime mover. In these casewtah is chosen that has the highest

overall effciency, given by the product of utilizable waste h€at;j and COR,. For
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example, by inspection éfigurell, for SFHICE, adsorptiorcan utilize 0.5 units of waste
heat, so tha,;*COPy= 0.5*0.5 = 0.25 units of cooling. On the other handilCH with
SE-Abs can only utilize 0.21 units of waste heat, so @atCOPy, = 0.21*0.7 = 0.15
units of cooling. Thus SICE is matched with adsorption. The same procedure was
applied to each prime mover technology individually.

This matching procedure resultskigure13, which charactezes each

trigeneratiorsystem by two values (electrical efficiency and thermal COP).
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17 B HT-PEMFC
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g X M
S o6 - SI-ICE
CI-ICE
0.4 - HC-Stirling
LC-Stirling/ORC
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0 T T T T T
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rl'elec
Figurel3: Matching of micro prime movers and heat activated cooling devices

Figurel3serves as description of the micro trigeneration systems #rat
possible. It will be adapted in the next section to account for the fuel consumption of
trigeneration relative to conventional systems.

One drawback ofFigurel1l andFigurel2is that they do not capture the benefit of
the electricity produced by the prime mover, since they only look at the waste heat. One

way tocapture the total benefit of all the products fromghme mover is shown in

Figureld. Inthisvi ew, t he fiexer gy théoeeticapotental fors def i
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prime movermutputsto produce work in a Carnot cydler infinite series of Carnot

cycles at variousemperatures)and this exergy factor is plotted against the fuel energy

that entered the prime mover. Since electrical outputs are already a form of work, they
have a value of 1. Exhaust and/or coolant waste heat has an exergy factor according to
the effciency of a Carnot engine operating at its temperature. Fuel energy lost via low
temperature dissipation to the environment has an exergy factor of zero since it is
effectively heat lost at ambient temperature. The area under such a curve thus represents
the maximum possible work that could be produced by a prime mover, given a realistic
characterization of its electrical efficiency and waste heat resources, and reversible

utilization of all waste heat to produce further work.

T qrommmmemey e .
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— |
T 07 - Sl MT
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=
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0 1 1 T |‘m1:""“'“"‘
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Fraction of fuel energy [-]
Figurel4: Exergy factor vs. fuel energy for nine micro prime movers

Of course, in CCHP, the waste heat is utilized to produce cooling. Furthermore

is typically utilized over some narrow temperature range rather than over the full
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temperature glide ohe waste heat resource. In addition, there are discrete choices of
utilization temperature ranges corresponding to available theraralign technologies

(e.g. 19°C for double effect absorption, 100°C for single effect absorption, and 70°C for
FAM-Z01-based adsorption).

To capture a more realistic picture of the benefit realized from waste heat
utilization in CCHP Figure15 has a yaxis representing the work produced by the prime
mover and the work which, in tledsence of waste heat utilization by an available
thermally-driven cooling technology, would have otherwise been consumed by a work
driven VCS(assuming a CQRs of 3.0). Since a comparison is now being made to a
nonCarnot VCS, the values for waste hetifization can be greater than the values for
exergy factor shown iRigure14 (if the fc; of the thermally driven cycle is greater than
thefc; of the gridVCS system)In Figurel5, the SE/ORC drops directly to zero after the
electricitysegmentsince the waste heatountis too small to utilize for micro scale
prime moversAlso note thathe horizontal extesof three prime mover@MCFC,

SOFC, and MT) arsubject tgpinchlimitations. This is because only some of the exhaust
temperature lies above the utilization temperatlihe fraction ofavailableheat which is
made unavailable byotbeingabove the utilization temperature is referred to as the
Api nch pTabled, lartdys alsoidenotesi,cn On the other hand, for the

remaining four prime movers ($CE, CHCE, HTPEMFC and LTPEMFC), the

utilization temperature is below the waste heat temperature everywhere, andzbeo
y-extent stillreacheghe value of (I 8), whereads the faction of fuel energy lost to

ambient in the prime mover itself
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Figurel5: Practically ealizable work or work equivalent vs. fuel energy for nine micro prime
moversin combined cooling and power mode (no heating)

In Figurel5, the area under each curve representsuheofwork producedand
work saved perunit of fuel consumed. The numerical value of this area is shown for
each prime mover ithe last column ofable5. Note that this analysis assumes a
baseline VCS COP of 3, and the work saved would be reduced in proportion to any

increase in baseline COP.

Table5: Work produced and savéy trigeneration systems
PM | Prime mover / HACD / Exhaust| Work Work | Total
type | delec CORy heat produced saved | areain
pinch | perunit | per unit| Figure
penalty | fuel fuel 15
(inc) | €nergy | energy
FC | SOFC/50% DE-Abs. / 1.2| 37% 0.50 0.07 0.57
FC | MCFC / 45% DE-Abs. / 1.2| 28% 0.45 0.10 0.55
FC | HTPEMFC / 40%| SE-Abs. /0.7 | N/A 0.40 0.11 0.51
FC | LTPEMFC/40% | Ads./0.5 N/A 0.40 0.08 0.48
IC | CIHICE/24% Ads. /0.5 0% 0.24 0.09 0.33
IC | MT/23% SE-Abs. /0.7 | 32% 0.23 0.07 0.30
IC | SIFICE/20% Ads. /0.5 0% 0.20 0.10 0.30
EC | SE/ORC/15% |Ads./0.5 0% 0.15 0.00 0.15

41



Based on this analysis, the SOFC and MCFC have the best performance, followed
closely by the PEMFCs. Adiiton of thermally-driven cooling boosts the performance of
anMCFC more thamn SOFC Thisis due to theM C F Csightly lower electrical
efficiency(more available heagndslightly higherexhaust temperatufenade possible
by utilizing internal reforming for stack cooling, which in turn allows a lower excess air
ratio). Among combustiofbasedorime movers, internal combustion devices (including
MT) have better performance than external combustion, which stemshedower
electrical efficiencyof external combustiofdue to fluidpropertylimitationswhen
utilizing a closed fluid loop in ertnal combustion cycles) and poor waste heat resources
(due to the need to reject heat near ambient temperature for optimal electrical efficiency).
Among internal combustion technologiése SHCE receives the biggest improvement
from adding thermalhdriven cooling due to its lower electrical efficien@gyore waste
heat is available)The higher exhaust temperature ofiSE vs. CHCE does not help in
this instance, since it is assumed that an adsorption chiller is utilizing exhaust and coolant
heat athe coolant temperaturéhe MT, cespite being coupled with a higher GOP
chiller than the ICEs, suffers from pinch limitations, so that it ends up with similar
trigeneration performance to the ICERwever the MT may have better performarfce i
used in drue trigeneration mode that utilizes DHWhile simultaneouslgriving a
chiller, where the heat below the chiller utilization temperature could still be used for
DHW (in contrast, any heat for DHW taken from an ICE is no longer available for
cooling) The MT may also have a cost advantage due to fewer moving parts and
availability of significant waste heat above 100°C (which makes chiller selection more

flexible).
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A final note concerns the application of this as@yo MW scale systems. At
thatmuch lager scale, the electrical efficiencies of fuel cells and Stirling engines would
not change significant)ywhile there would dramatic increases in efficiency for internal
combustion enginesompared with their micro counterparsr large axialgas turbine
compared withradialmicro turbines, and with th&upercriticalsteam Rankine cycle over
the organic Rankine cycl&or most prime movergjcreasing capacitgy two tofour
orders of magnitude would not significantly change the waste heat temperatares a
function of total waste heat availabldurel1?2) (although gas turbines would have a
higher exhaust temperature aediprocatingCEs would have less heat in the coolant),
but all wouldhaveless waste heger unit of fuel consumed due to the higher electrical
efficiencies. Thus although the overall performance of the system (work produced plus
work saved) would be better, the theoretical marginal benefit of adding thexdnatyn
cooling would be smalleNevertheless, some practicalinsiderations such as reduced
heat losses through interconnecting plumbing and lower capital costs per unit capacity

would benefit larger systems.

2.4 Analytical expressions for polygeneration syst¢oa®ling season)

Whenis a trigeneration system a suitable tfmrl achieving energy savings? To
helpanswer this questioris section proposes a simple set of parameters to describe a
selection of energy systems, and derives analytical expressions for the energy
consumption otach.These expressions are generally applicable to trigeneration on any
scale, althouglwvhen they areumericallyevaluatedn this chaptea focus is placed on
micro scale systemslsing these expressions, the following issues are addressed:

1 Energy consmption of polygeneration vs. conventional generation
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0 Grid-connected systems
o Grid independent systems
1 Fuel cost savings of polygeneration vs. conventional generation
o Grid-connected systems
o0 Grid independent systems
1 Sensitivity of polygeneration to nadealties
0 Heat losses
o Parasitic electricity consumption of thermatigiven heat pumps
0 Auxiliary burnerefficiency
1 Accuracy ofthe predictions othese simple analytical models (s&etion
6.6.9
Initially, each energy system under consideration is descbiypemly two
parameterdeading to instructivandtractable equations and figures that display
essential trendd’he models arthen expanded by relaximpmeassumptions and
introducing som&onridealities.This leads tanore complicated but more accteaa
analyticalexpressioathatcharacterize the fuel consumptioneaichsystem with 2 to 6
parametersEvaluation of these expressions requires the substitution of empaloak
for theparametes, but the expressi@themselvesemainanalyticaland gnerally
applicable to any choice of empirical valuetevant to any size system
To enablahesefirst-order comparisaof energy systemshe following
assumptioaare made in this chapter:

- Steady state: the expressions are derived from steadastdysis
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- Bin-weighting: te values for efficiency and COP are taken to be the bin
weighted aveage values over an entire year
- Capacity independence: the chiller capacity is only limited by heat
available from the prime mover
- Turndown ratio: the chillerrad prime mover are capable of any PLR from
Otol
All of these assumptions are rather restrictive. One goal of this work is to demonstrate
how much they deviate from more detailed simulations or experimental evaluations.
Onerelevant metric for energy ceamption ighe primary energy ratio (PER)
which is the ratio of a useful product produced to the fuel consumed in its production
PER is typically éfined based on a single product (electricity, cooling or heating).
However, for polygeneration systemssttefinition is problematic since it does not
capture the benefits of producing multiple
definedas shown in Equatiof®). However, this mixed PER is problematic for
conventional separate generation of electricity, heating, and cooling. This is because the
PER will depend on the ratio of loads to each other example, gridiriven VCS
cooling may have a cooling PER 1, with grid electricity having an electric PER of 1/3.
Depending the ratio of cooling and electricity provided to a building, the mixed PER will
have a value between 1/3 and 1. This prohteaddressed in this thesis by taking
advantage of the factdhthe mixed PER of trigeneration systems will also vary with
|l oads. As |l ong as two systemsoattReEséhe ar e be

cooling load fractionthe absolute PER value is not important.

PER= chg + Q’utg -Mvelec (6)

f
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The mixed PER as defined in Equati@his used throughd this work, except

where fuelchargeabld o0 c o o | i n gcoesfused, asiwél heceyplaified later.

Fuel consumption may occur ite or offsite.For computations in this chapter

involving grid electricity, the averaggrid efficiencyis takento be 1/3 83.3%). The EIA

figures and projections for the average grid efficiency are giv&able6. For night

time electricity, the grid efficiency tends to be slightlgher, and it tends to be slightly

lowerdu i ng ti mes of

peak

usage

(this i

s due t

when demand is high). In the winter, a conventional CHP engine offsets grid electricity at

all hours, while in the summer, a trigeneration system offsets grid electristyduaring

the peak hours when grid efficiency is worst. For simplicity, and given all the

uncertainties involved, eonstantalue of 1/3 is taken to be a good approximation.

Table6: EIA average primary energy electric grid efficcies in the US

Year | Average grid
efficiency

2006 | 31.4%

2010 | 31.8%

2020 | 32.2%

2030 | 32.6%

2.4.1 Expressions foprimary energy ratio

In this section, six system configuraticar® definedor which primary energy

ratio (PER) expressioraederived. Eachconfiguration is generic, i.@ny prime mover

or any type of chiller or VCS could be used.

The expressions fd?ERare divided intdi Car modeal 0

categoriesA A Car not systemo

S

de al

and

woft h

Aireal i ¢

respec

ThermodynamicsAn A i d e auses eeglistit S2onod Law efficiencies, but remains

ideal with respect to the First Laall fuel entering a device ends up aber electricity
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or usable heagnd thermallydriven equipment has zero parasitic eleatrconsumption.
A dalistics y s t e menlistic Fiestsand Second Lawfieiencies.

The baseline system is the gddven vapor compression systeshown in

Figurel6.

L LT ;
: Electricity > Electricity
S |

. | ' Space
Grid | P

: R _: cooling
| E
: Losses |

System boundary
Figure1l6: Sankey diagram for gridriven VCS
To capture the relative amount of cooling and electrical loads requirdx hyad
(e.g.abuilding), t he f@Acool ifaps defioea dsinfEquat().i on 0  (

B LoadClgl
dg Load,, + Load,,.

(7)

Since the cooling and electricity are produced independeinéigain other in the
conventional system, it is possible to define sir@lgputPER,; andPERecin addition
to themixed PER These three PERs ag&ven in Equatios (8), (9) and(10),
respectivelyNote that the mied PER depends on the cooling load fractigg,In the
limiting cases wher&yy = 0 andfciq = 1, the mixed PER reduces to the appropriate single
output PER. Also note that the inverse of the mixed PER (the fuel consumption per unit
of mixed loads) idinear with respect t&y, as expected for a system that produces
electricity and cooling by independent processes.

PEng =h COE)CS (8)

grid
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PEaIec :hgrid (9)

/7 rid
PER= gt (10)
fo (COR&-1) 4

In both ideal and noideal casesefined inthis analysis, the gridriven VCS

system is the same. This is because the centralized grid is defined as wasting all heat, and

the COP of VCSs is defined as Iuding allforms ofelectrical consumptiosuch as fans

andpumpsl n t hermally driven systems, these el
Note that the PER of a Phlriven VCS system is obtained by simply replacing

dgria With dpw, resulting in Equatioll).

hPM

PERS (Cord-1) 4

: (11)

clg

Next, the following thermallyactivated cooling possibilities are considered:
1. directfired thermallyactivated chiller
2. enginedriven thermallyactivated chiller witlout auxiliary burner
3. enginedriven trermally-activatedchiller with auxiliary burner

4. enginedriven thermallyactivated chiller with VC&ndwithout auxiliary
burner

5. enginedriven thermallyactivaed chiller with VCS anauxiliary burner
Each of these systems is illustratedaddgankey diagranm Figurel17 through
Figure22.

(1) Directfired heat activated cooling device
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cooling

___________________________________

System boundary

Figurel7: Sankey diagram for direéred HACD

The PER of a idealdirectfired heatactivated cooling device is given in

Equation(12).

PE%F- HACD = COEP:

For a more realistic diredired heatactivated cooling device which has rpero

parasitic electric loads, the PER is given by Equati@ T h e

(12

symbol

parasitic electrical loads of the chiller per unit of cooling produced.

PER'= = _ +
hBCOFt)h /glec

(2) Enginedriven heat activated cooling devisgthout auxiliary burner

(13

The Sankey diagram for the most basic trigeneration systeemgamedriven

heatactivated cooling deviceithout auxiliary burnetbackup, isshown inFigure18.
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With all components running at full load, this basic trigeneration system will

Rejected
heat

Recovered

heat

Thermally-
driven
chiller

Electricity

Space
cooling

Figure18: Sankey diagram for CCHRithout auxiliary burner

fixed

or

inherentfractionis given byEquation(14).

f

wherearepresenthieat losses. Precisebyis the fraction of fuel energy entering the
prime mover which is not recovered as either electricitytiizable heat Note that, if a

thermally-driven chiller were to use only exhaust heat from an ICE, @vewuld include

clg,inh = /7
elec

COR,(1- A

elec

-

+C0Rh(l - /llec

Nt

)

all coolant heat dumped to ambient.

excess cooling is available. Tamount of heat sent to the chiller can be reduced, with

the balancelumped to ambignThePERunder this condition is given bydaation(15).

PER=

It is possible fortie systento operateat values ofcig I' feig inn. Whenfyg Xcig inh,

1-f

hPM
(1 )

clg
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This expression lacks any term involving heat, such asf&®@khe quantity
(1- Py - /) . This makes sense, singader the conditiofg #cig,inn the system is

effectively running to meet electric loads, with cooling produced as a free byproduct. The
limiting case offyg = O reduces to the pure PERof a generator. The limiting casefgf
= 1 annot be evaluated here, sinagugtian (15) only applies wheffeg #eig,inn, and
fag,inn IS always between 0 and 1.

Whenfeg X feig,inn @nd no backup form of cooling exisexcess electrity is
producedAn off-grid system must either dump or store the exdegbe case of
dumping excess electricitizquation(16) gives the PER.

COR, (1' Now_ - /)

PER= (16)

clg

This expression lacks any terms relating to electrical engpgyo(r @) , Si nce
system is effectively running to meet the cooling load, with electricity produced as a free
byproduct.

The electricity produced in excess of the requirements of the load is given by

Equation(17).

N

e Mo 4
i 1 k
ECOR, (1- 11y - ) tL 4)

1 (17)

ele(;XCeSS: f

c\c/

If the system is grid connected, tleatesslectricity can be exported, offsetting
fuel. Accounting for this offset using the PER is problematic, however, since the PER can
take on a noiphysicalnegativevaluewhen the prime mover efficiency is greater than the

grid efficiency. However, itworkswkel according to the concept
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coolingo for prime movers with efficiency

mind, he PERaccounting for electricity offse$ given byEquation(18).

41_/ (18)

|-QD: Ot

PERl Elg %7 grld /IZM 1 k
grldCOFt)h (1 /gM - )/ grlé7

If dgria = dpm, @s would be the case when compagngftgrid system to a
conventional system with the sam@me moverefficiency, Equation(18) reduces to
Equation(15). Note that the above equations can readily be transformed for an ideal case
in which o and & are zero.

Finally, if a trigeneratiorsystem operatgwrecisely afqg,nn, then its PER can be
obtained by substitutinyinn, Equation(14), for fyq4 in either Equatior§15) or Equation

(16). The resulting expression for PERf@tinn IS given in Equatior19).

1+kcop 51 L/ 5
PER'=— ¢ fow = (19
1_P'\;(+CO|?h (1 PM '/)

Equation(19) involves all the term#hat areassociated with every PIMMACD
system @pv, CORy, @anda). It applies to all PMHACD-based systems operating at their

respectivegg,inh, regardless of the presence or absence of a VCS andiaxiiary

burner.

(3) Enginedriven heat activated cooling devisgth auxiliary burner

A simple improvement to the previous bagigéneration system is to add an
auxiliary burner (AB)hat can provide extra heat for the condition whgr fcig inn. This

prevents the wastage of electricity and expands the rarfggtbht the system can
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hande. A qualitative Sankey diagram for thige of system is shown Figure19. Note

that AB (auxiliary burner) is not to be confused with Abs (absorption chiller).
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I I | I |
| | % ;' —————
' |
|

| .

Prime ! I Space
' mover !'| Recovered |, P _
: ' heat I cooling
: : I Thermally-
I | | I driven
' Im | chiller
L I@\ I
N | |
: Auxiliary 1| Recovered :
| burner : heat
Le—e——a

System boundary

Figurel9: Sankey digram for trigeneration system wittuxiliary burner

The inherent cooling load fraction for this system is the sarf@ assystem
without theAB backupi seeEquation(14). Under the condition thdig #cig,inn (€XCESS
cooling is available), the PER adso the samé seeEquation(15) and Equatior{19).
However, the PER differs whégy > fog,inn. When there was nAB backup, excess
electricity had to b produced; the benefit of the A8that it can be used to avoid

wasting electricity. With the ARctive,the PER is given by Equatidg0).

by

. 1
PER:g fclg +§'_ fclg (l _k) @QM +L(g +/]) 'S

éCO Ft)hh AB /Z’M Ké 4

(20

For the limiting case df,q = 1, this equation becomes closeRER= CORA ;.

This makes sendgecausehe ratio of cooling to electricity is infinitat fyg = 1, so
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effectively all the coohg is driven by heatrdém the auxiliary burnefurthermore, it is
sensible that the PER does not precisely e@aR /1,, because there is still a small

contribution from the righhandquotient, proportional te, which accounts for thieiel
still beingusedby the prime mover tproduce electricity fothe parasitic loads of the
thermally-driven device.

Under the current set of assumptions, this configuration does not export
electricity, since the situation &fg>fug,nnis handled by decreasing prime mover outputs

and increasing thauxiliary burnetheat output.

(4) Enginedriven heat activated cooling devisith VCS and nawxiliary burner

Another component that can be added to a trigeneration systemprtuve the
energy efficiency under high cooling load fractions is a VCS. At first this may seem an
odd choice, since the VCS is supposed to be the incumbent techtiwbigiggeneration
would displace. However, the energy efficiency of trigeneratioresyssuffers when
heat must be wasted auxiliary burnemoptions must be used, and the VCS offensoae
efficient alternative method of backup cooling for trigeneration systems. A Sankey
diagram of such a system is showrigure20. For clarity, not all of the rejected heat is

shown.
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Figure20: Sankey diagram of trigeneration system with VCS backup cooling
Once again, the inherent cooling load fraction for this system is the sahee as t
other trigeneration systems previously introducege Equatiol4). Also, the PER is
the same as in Equati¢h5) or Equation(19) whenfgg Xfcig,inn (€XCESS cooling is
available)i under this condition the VCS is inactive.
When wherfg > feg,inn the VCS becomes active, and the PER is given by
Equation(21).
_'(COR;'- COREs +4 (1 ) 4CORY)

PER= — i
COR'&f, (CORL-1) 4 &

(21)

Under the current set of assumptions, thisRMCD-VCS-noAB configuration
does not expomtlectricity, since the situation &f;>fcq,inn is handled by sending more
electricity to the HACD.

To illustrate the method used in deriving the analytical expressions in this section,
this HACD-VCS system is expanded as an exanipigure21 shows how each

independent energy flow in the Sankey diagram can be assigned a value, denoted by the 8
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green letters-h. The desired outcome is an expression relating the fuel consumption to
the six parameters, denotedthy six familiar symbols shown in red. From a

mathematical perspective, there are now 6+8=14 variables. By writing an appropriate set
of 8 equations, the undesired green variables can be eliminated, yielding an expression
for fuel consumption in terms ohly the six parameters. The appropriate equations can

be developed as follows: each of the six parameters is defined as a function only of the
variables to be eliminated-{8, the total loads are normalized to be equal to unity (i.e.
1=c+d), and an eneydalance on the prime mover is expressed in terms of variables to
be eliminated (i.e. f=e+b+h+a+g). The resulting system of equations was then solved in
terms of the six parameters using the fAsol
MATLAB results, manual algebraic manipulation was carried out to achieve algebraic

forms with the highest possible engineering significance and tractability.

I
I
I
: f:lg
t V' Npgs A
I
I
I
I
I
L_———
Figure21: Example setup for derivation of fuel consumption
The system of 8 equationsrfihis example is:
1. f=etbth+atg (energy balance on prime mover)
2. 1=c+d (normalization of total loads)
3. fag=cC (definition of parametefig)
4. dpy*f =etbt+h (definition of parametedpy)
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5. e=gff (definition of parametes)

6. COPy=d/a (definition of paramete€OR;)
7. a=h/d (definition of parametes)

8. COR/cs=clb (definition of paramete€COR,cg

(5) Enginedriven heat activated coolimevicewith VCS andauxiliary burner

It is also possible to configure a trigeneration system with both a backup VCS and
a backupauxiliary burner(AB). This may improve the versatility of the system,
expanding the range & it canefficiently provide A Sankey diagram of such a system

is shown inFigure22. For clarity, heat rejectiomom the VCS andHACD arenot

shown.
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Figure22 Sankey diagram for trigeneration system with back@i® and backupuxiliary
burner

This system has an additional degree of freedom not present in the previously
introduced systems. For the safyg it can vary the relative amounts of cooling

produced by the VCS and the HACD. If such a system were thidtVCS/HACD
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cooling fraction would be a decision variable in an optimization of the control strategy.
Forthe present analysithe fraction of cooling provided by the VCS is simply treated as
anothemparametem the system, denotdg:s having a rage of possible values from 0 to
1.

Forfeig Xfeig,inn, the expressions for this system are again given by Equ#libns
and(19). Whenfgg Xfeig,inn, the full expression beoeesrelativelycumbersome, so first
an idealizedorm is shown in Equatio(22), in whichtheidealzationsare madéehat
&=9=0 anddag=1. Due to the assumption that there are no parasitic loads and that the

system is running in thermatyriven mode (i.efcig > feig,inn), thedpm term drops at

completely.
a 4COPR, - COR, ¢
PER'=1 + op*' 1 L SEa 22
tlgég: 't:rir &Sgdcoﬁ)h COE/’CS E ( )
Whenfycs= 0 (the VCS is disabled}his reducsto Equation(23).
PER'=1 +f,_( COR" 3 (23)

As expected, Equatiof23) is the same abe resulfor the HACDAB system,
Equation(20), when the same assumption are applied #hk@f o=0 anddas=1.

A value offycs=1 cannot be substituted into Equat{@®), since it would violate
the assumption that recovered hieain the engine baully utilized, as was assumed in
the derivation for this system in the casé.gf fqg,inn. IN Other words, the option of
dumping heat under the conditionfgd > feiq inn Would introduce a additionaldegree of
freedom into the system, which woulkejuire a newmore generaljerivation with a new

parameter representing the amount of heat being durSpexk this is not a normally

58



desirable operating condition, and since the expression is already cumbersome without an
additional parameter, this mogeneral derivation is not pursued.
Reintroducing a nounity dag, but keepingg=a=0, results in the expression

shown in Equatioif24).

(COF\)/CS VCS COPI) -l.fVCSCOPt)\

e o
PER! = t‘,lg gc th (1' hAB)( CORcs - vcg 3 - Rg (24)

é Py COR, COR /1yg U ‘QM el

e u

e u

Finally, Equation(25) shows tle most general form for the engideaven HACD
with backup VCS anbtackup auxiliary burne®B). As with Equation(22) and Equation
(24), evaluationfor a set of component efficienciemuld require optimizind®’ ERwith

respect tdycsfor each value offg.

PER' =

Sk (1 'fvcs) 1'+ 1- fies fvcs(l I )/ g N 7]
flgé Mg COR, /g MCORcs 4 gi 1-hy -/ (29
¢ g/( Ki- f,cs) ) Hk ot f3edl @n ) 4+ 3/7AB by,

e Now e ¢

2.4.2 Carnot systems at inherent cooling load ratio

An instructive comparison can be made by comparing trigeneration to separate
generation under the assumptiontthihheat conversion devices operate without
irreversibilities, i.e. at the Carnot limit. This analysis will use the PER expression for
conventional separate electricity and cooling production, Equét@nand the
expressions foa basic trigeneration system wahxiliary burnefPM-HACD-AB),

Equationg15) ard (20). It will be assumed that all componeinteeat engines, work
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driven heat pumps, arteatdriven heat pumps operate at their Carnbinit. Table7
shows theequations antemperatures that have been assumed indloalations of
Carnot efficiencies.

Table7: Carnot efficiency of heat engines and chillers

Device | Carnot equation TsroL Tre TsreH Carnot
[K]/[°C] | [K]/[°C] | [K]/[°C] | value

heat T ..-T

_ p = _seH " lou , 298.18 | 1273.1%
engine ct —Tsrc,H I o5 1000 0.754
work- T
driven CO 2 g — T src-,ll__ 28]3-015 3143015 .I. 944
chiller out ~ Tsrg L
heat T (T -T
rven | COR,., = o (Ta ™ Tow) 28318 | 31318 | 3735 |
chiller (Tour ™ Toret) T

Inserting the Carnot values frofiable7 for the proper terms in the PER
equationstheinversePER ofconventional antrigeneratiorareplotted with respect to
fag in the Idt plot of Figure23,

Next, the termfc (fraction of Carnot efficiencyis definedfor engines and heat
pumps as in Equatiof26).

hactual = fCt /Zit or COP

actual

=f ., COR (26)

In Figure23, fc; = 1 for all devicedn the let plot andfc; = 0.40 in the right plot.
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Figure23: Comparison of PERfor trigeneration and separate generation at Carnot efficiencies
and affc; = 40%

Next, fct is allowed to vary irFigure24, in which contours of primary energy
savings are shown for trigeneratiétositive values represent savings, while negative
values mean the trigeneration system is using more energy than separate gemarstion.
is similar to thedata shown ifrigure23, but withfc; added as an additional independent
variable, the dependent variab(@ERyigen and PEReparay CONverted ta single
dependent variabldractional energy savinyisand thadependent varide shown as
contours In other wordsFigure23is representeth Figure24 by vertical slices af =
0.4 and 1For purposes of this figurés; is assumed to apply eaglly to all components.

This is notnecessarilyealistic but reveals interesting trends.
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Figure24: Contours ofractionalenergy savings for trigierationas a function of cooling load
fraction and fraction of Carnot perfornen

The discontinuitiesn somecontoursare related to the switch frofgiy<fcig,inn to
fag>fag,inh. Drawing a line througithe discontinuities would produce a plotf@finn as a
function offc:.

Figure24 highlightsan interesting aspeof trigeneration. fiere is a clear general
trend thatfor a giverfgg, trigeneration saves more energy with lower valudg:oT hat
is, when energy conversion equipment is inefficientrétetivebenefits of trigenerain
are greaterThis represents a long term challenge for trigeneration, sinpewas
generation and vapor compressgystems are continualipademore efficient, the
potentialbenefis of trigeneration are reducéeven aghe efficiency otrigeneation
component&eeps paceOn the other hand, an advantage in favor of trigeneration is that
its components generally have more gains available, since they have been under
development for less time.

Another observation is thdbr a given value di;, trigeneration savings are

greatest af.q,nn. The savingsiropaway steeply ak,y increases, buh this example
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approach zero dgqY 0, since both trigeneration and separate generation are assumed to

produce electricity at the same efficiency.

2.4.3 Ideal systemat inherent cooling load ratio

Here, fAideal 06 means there are no heat |
electical efficiencies and COPs are used.
This section compares trigeneration systems to conventional systems using pair
wise comparisons. Each pawse comparison is evaluatedlaté fii nher ent cool
ratio,0 a concept explained presently.
fiCooling loa fractiond is definedin this thesisas theamount of cooling
consumedlivided by the sum of cooling and electriattynsumedFor a building, this
ratio can take on anyalue fromzeroto one but abasictrigeneration configuratiom
which a prime mowvedrives a thermallgriven chiller 6hown inFigurel18) is
characterized bgroduction ofa fixed( or i mdoling l@ad fractipnlf more
cooling is desired, moreegdtricity must also be producéithis siuation can be mitigated
with an auxiliary burnethatprovides supplemental heat to the chilleLikewise, if more
electricity is desiredthe prime mover will also produce more heat, which can either go
towards excess cooling or be dump@tkarly, sucha trigeneration system has the best
performance at its inherent load ratio.
It should be noted that this is a simplification. Most prime movers, at least in
theoryif not in their implementationare able to vary the ratio of heating to electricity
while keeping fixed one of those outptsr example, byndependently regulatingPM

andthrottlein a spark ignitiorengine); thermalldriven chiller controls can adjust
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cooling capacity afixed heat input (for example, varying solution pump speed in an
aborption chiller); and the temperature at which heat is transferred from prime mover to
thermally-driven device can be regulated to vary cooling output for a given heat source.
However, all of these means of regulating cooling load ratio are restrictad with
narrow range, and all involve tradeoftgpically, some component or heat transfer
efficiencymustbe sacrificed to increase capacityhus, the simplified model of a fixed
inherent cooling load ratio has considerable merit.

Figure25 shows a contour plot of the inherent cooling fraction for trigeneration
systems characteri zeghand@OR hei t Wo spar8me Net
this is a visualization of Equatidt4).
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Figure25: Inherent cooling load fractioffiginy) as function of prime mover efficiency and
thermal COP f or &=9=0

Analysis of the2-parameterdeal systemss profitable since it yields a very
tractable expression for the suitability of trigeneration systértise absolute value of
the fuel consumptionf a system is desired with high accuracy, more sophisticated

methods should be used. But thisalysisreveals the essential trends in suitability of
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trigeneration with thedur most important parameteggid efficiency, VCS COP, prime
mover efficiency, and HACD CQP

The systems just discuskean all be compared pawise A fAeben e a k
condi t ieodefioed bysettingthe PERs of two systems equal as in eq(@&tjon
This definesa relationship among componeiticienciesin order for the tweystens to

have the same PER.

PEF%rid-VCS = I:)ER'igen (27)

Inserting the expressions for the gddven VCS and the engine waste heat

driven chiler, the expression shown in Equati@®) can be derived.

_a @Q a COI?h
g% - @Ecs -

(28)

This algebraic form was chosen such that, given assumptions of thedmadin
technology and COP of VCS systems, ¢g@ation is a linear expression for the prime
mover efficiency required as a functiongyfd efficiency.In this linear formulation, the
slope of the required prime mover efficiency with respect to grid efficiency is expressed
by a ratio of COPs (typical value = 3/035) ~ 1.2); and the-intercept is expressed by
another ratio of COPs (tygal value =0.5/(3-0.5) ~-0.2). The yintercept is not
particularly meaningful on its own, since it corresponds to a 0% grid efficiency.

This expression cassobe used to answsuchkey questionsis:

- For given grid, VCS and HACD performance, hefficientdoes an
engine need to be?

- For given grid, VCS and engine performance, tedficientdoes a HACD
need to be?
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A graphical representation of the Equat{@@) is shown inFigure26 as a contour
plot. In this figure,the contour lines represent the threshold of suitability of trigeneration
forthe givenvalueof COQRs. Any trigenerati onmpyaadyCOR e m
that lies above the contour line will save energy relative to the conventional system
represented by the line.

Using the results from the trigeneration device matching section above,
representativenicro trigeneration systems have been plotted for various existing and
proposed prime mover technologié#scan be seen that all combustibased micro
prime movers are marginally suitable, depending on the assumption gt&IoP
conventional systemgainst which they are being compared. The fuetlwadied prime
movers all display a comfortable margin of savings compared with the conventional

system.

SOFC
HT-PEMFC
LT-PEMFC

MT

SI-ICE

CI-ICE
HC-Stirling
LC-Stirling/ORC

* 0o+ =xprHe

0 | | I - I I
0 0.1 0.2 0.3 0.4 0.5

Ir:l'elm:

Figure26: Energetic suitability of various trigeneration possibilitiempared to the conventional
grid-driven VCS option. Grid efficiency is assumed to be 33.3%.
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2.44 Realistic system comparisons at inherent cooling load ratio

In real trigeneration systems, not all of the fuel energy goes to electricity or
recovered heatiTe | ost fraction of fuel emsergy i s
varied inFigure27to visualize its impact on trigeneration energetic suitabilityan be
seen that @& has t hiatereept,fiwehao chande initheixterceph s i ng t
This makes sense since, by its definition,

decreases the efficiency of chilling.

1.4
1.2
1 - ¢ SOFC
B HT-PEMFC
_08 A LT-PEMFC
no:‘ £ MT
® CI-ICE
0.4 - ¢ HC-Stirling
LC-Stirling/ORC
0.2 -
U T T T : T T
0 0.1 0.2 0.3 0.4 0.5

qelec
Figure27. Effect of heat losses from prime mover onrgeéc suitability of trigeneration

Another nonrideality present in real systems is the parasitic electricity
requirement of thethermally r i ven cooling component. To cC:
defined as the kW of electrical power required per kW ofinggrovided. This is the
same ashe inverse of the more famili&COR, b ut def i ni ng parasiti
instead of ECOP leads to tidier algebraic forms of the analgikmakssionsThis

par amet er Rgure28 with&ORcefided atB, tovisualize the effect of
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parasitic | oads. The range of &8 shown

to 12.5. The majority of commercial devices will fall somewhere in the middle of this

range of a.

, fro

A slightly more accurate approach might be to define the parasitic electricity per

unit of rejected heat, since heat rejection often dominates the parasitic loads of thermally

driven heat pumps. However, this analysis would not lend itself to neat aalalytic

equati ons, ‘hintde c&h@@iPnal(vay toadefine parasitic loads.

1.4
1.2
1 ¢ SOFC
B HT-PEMFC
_08 A LT-PEMFC
o £ MT
S oe + SIICE
e CI-ICE
0.4 ¢ HC-Stirling
LC-Stirling/ORC
0.2
0 | | I I I
0 0.1 0.2 0.3 0.4 0.5

Ir:l'elm:

Figure28: Effect of parasitic electrical loads of thermally driven equipment on energetic
suitability of trigeneration

Figure29is the same aBigure25, but introduces the neidealitest hat a&=0. 1

and 9=0.02. 't al so superi mpos efgmfoh e

each micro trigeneration stem.
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Figure29: Inherent cooling load fraction as function of prime mover electrical efficiency and
chiller COP, for &a=0.1 and a8=0.02

Both & and o a Figure@OavithiCOM s fixed@te8t Thieresults n
in a wide range of suitability depending on the heat losses and parasitic power
consumption. Also, even with pessimistic assumption about heat losses and parasitic

power, the fuel celbased trigeneration systems can saargy.
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Figure30: Effect of both parasitic loads and heat losses

Finally, to show the broad range of system performance possible based on varying
assumption within reasonable valuEgure31 shows two extreme cases. One case
makes only optimistic assumption for CRE, 6l & and oa; and the ottt
pessimistic assumption for all these parameters. The reseitoigsedarea is huge,
encompassing nearly all possible trigenerasiggstems! f t he pessi mi stic ¢
efficiency assumption is extended to 60% (the marginal grid efficiency of a new
combined cycle power plant), even the S@&Sed system no longer saves enefis
demonstrates that it is possible to argue that sti@oy trigeneration system uses more or
less energy than conventional cooling, simply by changing the assumptions made in the

argument.
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Figure3Z1: Full range of suitability possible basedaptimisticassumptios (green) and
pessimisti@assumptioa(gray)

For referenceTable8 to Table10 summarize the expressions that have been
developedTable8 shavs theinherent cooling fractiong.he equations foignn Of
trigeneration systems have a very tractable meaning by inspection. The numerator is the
amount of cooling per unit fuel, and the denominator is the sum of electrical and cooling
outputs per ait fuel.

Table8: Inherent cooling fractionr various ideal and neitleal systems

Inherentf.,, ideal case Inherentf.y, nonrideal case
Grid-ves Any value from 0 to 1
AB-HACD 1
PM-HACD Fo- foo-
(W/ or w/out VCS clginh — clgnh —
and COFt)h (1' hPM) COEh (1' hPM B /)
/ or wiout AB
W Wit ) hPM +COFt)h (1 - /;M) hPM +COFt)h (1 B /lM -)/(1 )

Table9 shows expressiorier PER of systems operatirgtheir inherent cooling

load fraction Note the inclusion here of a burrdtiven HACD (BHACD).
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Table9: Summary of expressions for PBRsystems operating at their inherent cooling load

fractions
Ideal case | Norrideal case
Grid-VCS
pER1:;
eIecCOR/CS
B-HACD
PER' =~ PER'=— L +K
COFR, M1COR, A
PM- 2 5
HACD 1 L 1+ kCOPR, o1 ; r2
PM- PER" = PER! = Cc PM =
HACD- row +COR, (1 - ) Few. +COR, (1 41 -))
VCS* 1- k

*since the system is operatingfafi.n the VCS is inactive

2.45 System comparisons for variable cooling Idedttion

Table10 shows expressiorfer PER of realistic systems at variable cooling load
fraction Each system has two equations, for the caskg beinggreaterthanor less

thanfdg,inh.
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Tablel0: Summary of expressions ffurel consumgon as a function of cooling load fraction
(fag) for six cooling systems

Case 1: Case 2
fclg < fclg,inh fch > fclg,inh
(excess cooling
available)
exported or
PER PER excess
electricity

Grid-VCS f (corPi-1) 4

PER'= cs (CORE: -1 (10) 0

hgrid

PM-VCS f. (CORL-1) 4

PER!= o hVCS ) (11) 0

PM

PM-HACD COR, (1- A1y, - /) _
(without AB PER= : see Equation
option) clg 17)

. (16) [also(18) for export]
PM-HACD PER" =
(with A)\B 1- fy (1 ) see Equatiol(20) 0
option
PM-HACD- Aon
VCS (15 :
(wit.houtAB (VCS andAB are see Equatioii21) 0
option) .
PM-HACD- not in use)
VCS .
(with AB see Equatioii25) 0
option)

An observation that can be drawnrfr@able10is that the terma; CORy,
COR/cs anddag are allmissing from théq < foginn cOlumn. This makes sense, sitice
system is effectively running in electridalad-following mode wherfg g < feiginn. Thus
any term dealing with the efficiency of the thermadlyven equipment is not important
to PER Of course, all of the missing terms (excegd) do play a role in determining
faginn T see Equatiolfl4).

It can also b®bserved that the terfar electrical parasitics, is missing from the

fag > feiginn cOlumn for systems withowauxiliary burners, and present for systems with
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AB. This also makes sense, since, withouAB backup, a system must produce excess
electicity. In the presence of excess electricity, parasitic electric loads are not important.
With an AB backup, excess electricity need not be producecd@dgain important.
The amount of parasitic loads will affect the valud.gf.n, howeveli see Egation(14).
Also, if excess electricity is exported and thus offsets electrical production elsewhere,
then @ reappeaiseeHquatiofld).e expr essi on
Figure32 shows an evaluation of the previously developed expressions for
HTPEMFC prime mover technolog@ne systm is left out, the PMHACD-VCS with
AB, since its treatment requires an optimization with respect to the vakjablaverse
PER is shown to highlight the linearity of the expressionsninverse PER would have
all curved linesinverse PER can bedhght of as fuel consumption per unit loads, where

a unit of load is characterized by a normalized sum of cooling and electrical loads.

> see grid-VCS
-=-HTPEMFC-VCS
4 - HTPEMFC-Abs, noAB, dump
——HTPEMFC-Abs, wAB
——HTPEMFC-Abs-VCS, noAB
3 e,
& Tee e,
Ll ‘o.
(=9 .y
2 -
1
COP,, = 0.7
A=0.15
0 K= 0.04 | | | |
0 0.2 0.4 0.6 0.8 1

Cooling as fraction of load (f,,)
Figure32 Comparison of grid/CS and HTPEMF&ased systems
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After a brief discussion of thieatures ofigure32, it will not be necessary for
the reader to look at the legend for successive fatentify the system correspangd
to each curveThe following points are relevant to this understagdin

1 Observe that the grdICS line stands aloneith a lefty-axisintercept
equal todgrid'l. In contrast, all four PWbased systems share a-gft
intercept. This yintercept corresponds to simple production of electricity
without any coolig, and is tha simply equal talpy™.

1 The right yaxisintercepts for the grid/CS and PMVCS system
correspond, respectively, tigic "COR/cs" anddpm 'CORcs”. Both of
these systems involve separate generation, thus themneftrighty-axis
intercepts are corected by a straight line.

1 Observe that the PN CS system uses more fuel than M\ CD-based
systems whefyg<fcig,inn. This is the region in which excess cooling is
being produced; a PMCS system would be wasting this heat, while a
PM-HACD systemisprduci ng fAfreeo cooling with
for parasiticHACD loads. In other words, the advantage of HAG&3ed
trigeneration is conditional on ECOP being greater thanyg©Fhis can
be demonstrating by setting equal the PER expressions for the two
systems, Equatiofi1) and(15). Solving yields COR-s'=a. Substituting
the definition thal E C C])Eelds the condition ECOP>CQg for
trigeneration to save energy over separate generation from a given PM at
fclg<fclg|,inh-

1 ThethreeHACD-based systems diverge abdyginn. Dumping excess
electricity has th worst performance (although exporting could mitigate
or reverse this problem), using auxiliary burner AB) improves

performance considerably, and having a backup VCS results in the best
performance.

In fact the VCS backup has a lower righintercep than any system, and thus
dominates the entire selection of systems whgiredyiiq. The PMHACD-VCS system is
able to take advantage of the benefits of trigeneration at low cooling fractioites,
taking advantage of the VCS and still deriving benefit from waste heat utilization at high

cooling fractions.
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To facilitate rapid isual comparisorf-igure33 showssimplified versions of
Figure32 for various prime mover technologies. All plots h&ygfrom 0 to 1 inthe x

axis, and share the samaxis limits on PER except for the LEStirling plot.

5 5 5
SOFC HTPEMFC LTPEMFC

0 0 0

0 1 ] 1 0 1
.+« grid-VCS PM-HACD, noAB, dump —PM-HACD-VCS, noAB
--- PM-VCS —PM-HACD, wAB

5 5 10

ICE

[

Figure33: PER" vs. fqq for various PMbased systems and gMCS
From this analysis it is clear thafgridconnected trigeneration system requires a
high-electrical eficiency prime mover. The micro systems that can save energy in-a grid
connected context are the fuel cells, especially the high temperature fuel cells which also

benefit from a higher CQR(SOFC, MCFC antHTPEMFC).

2.46 Sensitivity analysis

Utilizing partial derivatives of the analytical expressions, the sensitivity of PER
for each system with respect to each variable can be determined. Results of such an
exercise are presented numericallyhis section

Figure34is based on Equatior($5) and(16), for a SHCE-basedrigeneration
system without a backup boiler (derfen o AB60) . The figure shows

PER to changes in the five variables in Equati@3 and(16), all as a function ofg.
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At fag<feiginn it can be seen that increasing the cooling load fraction or prime mover
efficiency results in the largestcreases in PER, whitbe effects obther variables are
negligible. Atfqg>fcg,inn, increases in CQPhelp the PER proportionally, while a small
detriment to PER is experienced with increasesandry. At the assumed value of
9=0.04, changes iaare not very important, but the sensitivityatoncreases dramatically

oncea reaches higher values (not shown).

3%
5% _ PM-HACD-noAB
2% =
L . e :

Q ., et K
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g < : x=f :"-.)‘(-:-‘r’?PM
A - » Il
g o 2% x = COP, ——x=A
[~ = Csex=K

-3%

f clg

Figure34: Sensitivity of PER to each variable affectin§ldCE-based trigeneration system
without auxiliary burner

Figure35, based on Equatior{&5) and(20), shows the same type of data for a Sl

ICE-based trigeneration system, this timi¢h an auxiliary burner (AB).

3%
5 % PM-HACD-AB j
e 2% - .
T
e B 1% s —
o P )
5 on A, =i
_g .g 0 0.2 0.4 06 08 ......... 1
o B 1%
2& T X = feig —X = Ny
0,
é g 2% ~==-x=COP,, —x=A
- 3% X=K X= Nag

f clg

Figure35: Sensitivity of PER t@ach variable affecting a-BCE-based trigeneration system with
an auxiliary burner

77



In Figure35, the variabledag has been introducddr a total of six variablesThe
auxiliary burner, by allowing the trigeng¢i@n system to only produce as much electricity
as needed at high valuesfgf, removes the penalty associated with higher valuegyof
at high values of;4 which was seen in the system without AB. It also slightly reduces the
importance of CORat noderately high values dfig. At very high values df,g, thedas

IS very important.

2.5 Conclusions based on firstder comparisons

Several useful conclusions can be drawn based on the preceding analytical
approach.

Fuel cells hold the most promias prime movers for high efficiency
trigeneration. This is due to their high electrical efficiency. Prime movers that can
combnehigh electrical efficiency with high temperature waste heat, such as SOFC,
MCFC, and HTPEMFC, have the most potential of all.

For off-grid applications, nearly all prime movers have potential to save fuel over
separate generation. This is generally because the electrical efficiencygatioff
generation is already low, so that all prime movers are at least as electriceignetis
the conventional alternative.

Note that a similar analytical analysis for-gnd CHP would show that all prime
movers (even Stirling engines with 10% electrical efficiency) always save fuel compared
with the conventional furnace heating. The tearto saving energy with CCHP is higher
than with CHP. This is basically because heating is conventionally primarily done with

exergetically inefficient combustion, while cooling is conventionally done with heat
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pumps.If the analysis for heating is caed out with heat pumps as the conventional
technology, then CHP systems as well as CCHP systems rely on relative high electrical
efficiency prime mover technologies in order to show energy savings.

To summarize for oigrid applications: if the prime movaes yearlyaveraged
electrical efficiency greater than the grid efficiency, then it is guaranteed to save energy.
For CHP systems, when the prime mover electrical efficiency is less than the grid, CHP
savings come from boiler/furnace replacement but acéssarily from heat pump
replacement. For CCHP systems, when the prime mover electrical efficiency is less than
the grid, CCHP savings are difficult to achieve.

To summarize for offyrid applications: both CHP and CCHP nearly always save
energy over ofgrid separate generation.

An additional observation from this chapter is the lack of an advantage of Carnot
trigeneration over Carnot separate generation, with the trigeneration advantage growing
as all systems move farther from the Carnot idBaik repesents a longetm challenge
for trigeneratiorsincethe potential benefits of trigeneration are reduzegower

generation and vapor compression systbetome morefficient
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ChaptSerpa3d ate Sensi ble and Laten:

Trigeneration

Many heatactivated technologies suffer from limitations on the temperature lift
they can achieve. When the ambient temperature is too high, the machine can no longer
provide cooling. In adsorption systems, sorbent properties that allow high COP at low
activati on t e mp-shamedisotherm)feault is thie lenpation. INi S 0
water/LiBr absorption machines, crystallization of the salt solution is the mechanism
behind the limitation. In both caséke problem can be resolvbeg lowering the heia
rejection temperature or raising the evaporator temperature.

In practice, mosivater/LiBr commercial systems today rely on expensive and
high-maintenance wet cooling towers to keep the heat rejection temperature low.
Commercial adsorption chillers gea#ly use a very high regeneration temperatbce.
very small scale systems, air cooling is required, and thus some way of raising the
evaporator temperature, without sacrificing dehumidification capacity, is needed.

The SSLC approach developed in thigkv(see Gluesenkamp et €2011e)) is

one way to address this limitation.

3.1 Past approaches to the crystallization limit

The crystallization limi{equivalently, the solubility limitpf aqueous LiBr can be
plotted from Borytd €1970)experimental datan a Duhring chart, as shownHRigure
36. For aircooled machines, the primaciiallenge is that the crystallization limit will be
reached, since high absorber temperatures require the solution entering therabsor

become very salty in order to maintain a sufficiently low vapor pressure.
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Figure36: Effect of changing independent operating variables on the shape of the Dihring plot
Since the solution entering the absorber is thealistate point most prone to
crystallization, the crystallization margin of an operating machine can be characterized by
how closely the solution state at that critical point approaches the crystallization line.
This can be expressed as the temperatuaage (at fixed concentration) that would
result in crystallization (Fargin), Or as the concentration change (at fixed temperature) that
would result in crystallization (Xargin)-
Several strategies for avoiding crystallization can also be infeedFigure 36.
For example, increasing./kpand/or decreasing.dsmove the lowestight state point
away from the crystallization line.cd,¢can be seen to not have a direct effect on the
crystallization, so that ading the absorber and condenser in series may help avoid
crystallization by decreasingkat the expense of increasing,i Increasing the
solution pump flow rate (and therefore flow ratio) brings the saltier solution closer to the

concentration of thless salty solution. However, it also decreases the heat transfer

effectiveness of the absorber, resulting in slightly higher absorber temperatures. In
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practice increasing solution pump flow rate does typically move the critical state point
further fromthe crystallization line, although generally at the expensdafer COP.

Not shown inFigure36is the impact of anicrystallization additives. Since these
are different solution compositions, they shift btstl solubility curve and the isosteres
of the Duhring plot.

Various strategies for avoiding crystallization were considered, including working
fluid additives, cycle modifications (absorber pressurization), ancbailitioning

systemlevel changes (SSL(hd cascade VG8S cycle).

3.1.1 Working fluid modifications

Working fluid modifications are discussed in Gluesenkamp et al. £0T4ey

are not discussed further here.

3.1.2 Absorption pressurization

Onemethod to avoid crystallizatiofwhich has beediscussed by Zogg et al.
(2005) and Zogg and Westphalen (20060 separate the evaporator and absorber, and
place a compressor between them to raise the absorber préggure37 shows the

effect that thisvould have on the cycle.
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Figure37: Duhring plots of the absorption cycle showing the effect of the pressurized absorber
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It can be seen iRigure37 that the absorber is lifted out thfe crystallization
range in the bottom right portion of the cycle. It was found that a pressure ratio of 2.3
(corresponding to a power consumption of 250 W with an isentropic efficiency of 75%)
would be sufficient to prevent the crystallization of thBriL.solution, if a suitable
compressor could be found and the difficulty in separating the evaporator and absorber
could be solved. However, an appropriate compressor would need teftee @hd able
to handle a very high volume of very low density redrant. Centrifugal compressors,
oil free lobe and screw type compressors and axial fans were investigated, but they either

did not meet the desired pressure ratio or were impractically bulky.
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3.1.3 Cascaded absorption/VCS system

Another way to boost thebaorption cycle evaporator temperature is to cascade a
VCS with the absorption cycle. If the absorption cycle evaporator cools the space

directly, its absorber (and possibly also condenser) can be cooled by the VCS, with the

VCS condenser dumping heattoe a mbi en$t.o IVWCSdhico mfAi gur at i

VCS would have to run continuously, unless a bypass valve were installed which allowed
the absorber to dump heat directly to ambient (with the VCS off) when conditions permit,
and to dump heat to the VCS8aporator when crystallization is a possibility. In contrast
to the SSLC supplemental VCS, the cascade VCS would have to handle the full cooling
load of the space; however its COP would remain high due to the small temperature lift
(e.g. 35°C evaporatiomd 60°C condensing temperatures, for a temperature lift of only
25 K).

| f a NYCScasocaAdde were chosen, the VCS
smaller temperature lift (e.g. 7°C evaporating and 20°C condensing temperatures, for a
temperature lift of onlyL.3 K). However, it would have to run all the time, regardless of
ambient condition, unless two evaporators were provided to the space (one for the VCS
and one for the 8).

Initial modeling of the cascade configurations indicated that the SSLC system was
more promising in terms of minimizing fuel consumption at the design condition, and

thus the SSLC system was selected as the final design.
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3.2 SSLC approach

Even though one goal of utilizing an absorption system is to avoid electrically
powered VCS systesna small VCS can be used to address the crystallization issue while
still maintaining acceptably low electrical requirements. As shovfigime38, a large air
stream (points%-6) consisting of the return amckhaust air is sensibly cooled (not
dehumidified at all), while a small air streamZ-B) consisting of the outdoor ventilation
air is overcooled and dehumidified to 9°C. When the streams mix to form the supply air,
the appropriate supply air conditiamachieved. This allows the absorption evaporator to
operate at a higher temperature (only cooling points 2 and 6 to 24°C).

An unusual feature dfigure38is the split nature of the@evaporator. The two
air steams (32 and 56) do not mix with each other, and each stream is cooled to about
the same temperature (at points 2 and 6). For ao-a@frigerant evaporator/absorber,
this could be accomplished with parallel air channels. For a sw@tefrigerant
evgorator/absorber, this could be done with parallel air channels (ducted separately
across the fan coil unit) or two parallel fan coil units.

In addition, the power requirement of the VCS is kept low by utilizing return and
exhaust air to cool the VCS comer (points %), at the expense of increasing the load
on the absorption cycle. If the VCS condenser were to dump its heat outdoors, the
condensing temperature would likely be about 59°C, and the COP of a typical R134a
system would be 1.2 (requiring 1.BW to provide the necessary 1.3 kW of cooling
between state points 2 and 3). By cooling the VCS condenser with a larger flow rate of
airi 0.28 kg/s (525 CFM) instead of perhaps 0.044 kg/s (90 GFAtl)ower temperature

(32°C instead of 49°C), the condem achieves a better approach temperature and a much
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lower high side pressure. Thus, the VCS COP in the proposed configuration is 2.91 and
the VCS only consumes 446 W to provide the same capacity. Although adding the VCS
condenser 0s h estnebm ihceeasestihe load ert the mbsorpion icycle, the
dramatic reduction in electricity allows a smaller engine to be used. The resulting
temperature and humidity ratio at point 7 are 22°C and 14.4 g/kg, appropriate for a SHF

of 0.9. Psychrometric stapmints corresponding teigure38 are shown irFigure39.

CDA from
(0.022 kg/s)  conditioned space
4 l RA (0.258 kg/s) +

! Exh (0.022 kg/s)

VCS cond
5 Exh (0.022 kg/s)

\ to ambient

AS evap,

7

to conditioned space
(0.280 kg/s)

Figure38: Air flow schematic of the separate sensible and latent cooling (SSLC)nsyste
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Figure39: Psychrometric chart of SSLC system at design point

3.2.1 Description of SSLC and conventional system models

Two systems were modeled in detail in this study: the conventional system in
Figure40, and the absorption systdmsed SSLC configuration with a small V&S
Figure4l The conventional systemb6s -goming et
| oads, whil e t henseppowens the sepplensenta VGCS ardd 8 kVy of
nortcooling loads, with engine exhaust and a duct burner powering a water/LiBr

absorptiorsystem Table 1 shows the engine and cooling capacities for each system.
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Figure40: Schemat of conventional system with VCS for cooling
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Figure4l: Schematic of SSLC system model with LiBr absorpsgatem and supplemental
VCS

The VCS in each system utilizes R13&athe working fluidFan power was
neglected for th absorption and both the VCS systems.

Table11: VCS specifications and requirements for cooling

Systemconfiguration | AS VCS VCS | VCS Engine
cooling | cooling COP | compressor | size
capacity | capacity power
[KW] [KW] [-] (kW] (kW]

Corventional N/A 5.3 1.8 3.0 6.0

Absorption with SSLC | 5.6 1.3 2.9 0.45 3.5
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3.2.2 Available heat from engine

The primary source of heat for the absorpsgatemis the engine exhaust
(engine coolant is not used). When this is insufficient, a ducewwupplies additional
heat. Experimental performance data for a 3.0 kW diesel engine in the field was obtained
as shown imable 12. This data was used as a basis for the engine models in each of the
systems, with fal consumption and exhaust flow rate scaled up proportionally for sizes
larger than 3.0 kW.

Also shown inTable 12is the calculated usable exhaust heat. For a practical
system, the engine exhaust temperature mugstave the acid dewpoint (about 115°C)
at all off-design conditions. The fixed UA value of the desorber was set so that the
exhaust is not cooled below 130°C in the desorber at minimum load. Because of this, at
full load it is only cooled to 27€.

Table 12: Performance data for 3.0 kW engine

Electrical load | Fuel consumption | Exhaust temp. Usable exhaust
(measured) (measured) heat (calculated)
[kW] [L/hr] [°C] [kW]
0.75 0.680 329 1.35
1.5 0.847 385 1.77
2.25 1.062 413 1.97
30 1.334 454 2.26

3.2.3 Duct burner

The duct burner requirements were determined from thdoaked
thermodynamic absorptiagystemmodel; to provide 5.56 kW of cooling with a COP of
0.66, the desorber requires a heat input of 8.37 kW. Utilizing the eexgnaeist heat
leaves about 6.1 kW to be provided by the duct burner. To ensure that the acid dewpoint
is not reached at low part load, the exhaust leaving the desorber at full load is still very

hot. Thus the duct burner needs to burn up to 7.6 kW of fuel.
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For the best efficiency, the duct burner should be mountidamwith the engine
exhaust stream. Since the engine is diesel, there is normally excess oxygen in the exhaust
available for combustion in the duct burner. However, fresh air does need to be
introduced to the duct burner under high engineA®tbads, and in situations where the
duct burner outlet temperature would exceed the temperature limits of the desorber and

duct burner materials.

3.2.4 Modeling assumptions

The absorption system modellows the UAbased heat exchanger method
outlined in Herold et al. (1996), who also provide effectiveness definitions for absorption
cycle heat exchangers. The UA and effectiveness values at the design point are shown in
Tablel13. The condenser and absorber heat exchangers were air cooled in parallel, each
with a 0.3 kg/s air mass flow rate. The desorber UA value was tuned to avoid the acid
dewpoint at low part load. The solution pump flow rate was set at 0.03Tadpe14
shows key VCS modeling assumptions.

Table13: Absorption system heat exchanger data

Heat Type UA value | Effectiveness
exchanger [KW/K] @ design pt
Absorber solutionto-air 1.080 0.890
Desorber exhaust gaso-solution | 0.0115 0.788
Condenser | refrigerantto-air 0.720 0.893
Evaporator | air-to-refrigerant 0.840 0.890
Solution HX | solutionto-solution 0.093 0.64
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Tablel1l4: Key VCS modeling assumptions

Conventional| Supplemental

VCS system | VCS for SSLC
Evaporator approach temperature 7K 7K
Condenser approach temperature 12 K 5K
Superheat 7K 7K
Subcooling 5K 3K
Compressor isentropic efficiency 0.70 0.74
Compressor motor efficiency 0.85 0.85
Evaporato air inlet 49°C 24°C
Evaporator air outlet (T, RH) 19°C, 100% | 9°C, 100%
Condenser air inlet 49°C 32°C
Pressure drop in evaporator (refrigeral 50 kPa 50 kPa
Pressure drop in condenser (refrigeran 100 kPa 100 kPa
Refrigerant R134a R134a

3.2.5 Rsults

The results imMable15 show that the most fuel is consumed by an oversized
engine powering a vapor compression system. The most efficient option is using waste
heat and a duct burner to power an absor@ystm There is also some fuel savings for
an absorption system that does not utilize waste heat. The results are for the design
condition and full electrical load on each of the engines. However, at lower ambient
conditions and electricity requirements, thel savings will become even more
pronounced. This is partly because the oversized engine will not perform as efficiently at
lower part loads when compared to the smaller sized system. Additionally, the small VCS

system can simply be shut off when cryi&ation is not a threat.
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Tablel5: Fuel consumption at the design conditions of 49°C and 35 g/kg humidity ratio.

System Engine | Cooling Additional Engine fuel | DB fuel | total
configuration size system components | cons. cons, fuel
cons.

[KW] [9/s] [9/s] [9/s]

Conventional 6.0 VCS N/A 0.607 0 0.607

VCS

Absorptionw/ | 3.5 Absorption | Duct Burner | 0.360 0.177 0.537

waste heat w/ SSLC

Absorption 3.5 Absorption | Duct Burner | 0.360 0.230 0.590

w/out waste heat w/ SSLC

Tablel6s hows t he absorption systemds heat
point. The duct burner heat combined with the exhaust heat provides about 1.5 kW more
than is required by the desorber, as required to avoid the agmbuh at low part load
with a fixed desorber UA value.

Tablel16: Heat loads of absorption system heat exchangers

Configuration Qc[kW] | COP Qd [KW] | Qexn [KW] Qub [KW]
Absorber w/ waste heg 5.562 0.664 8.375 2.26 7.617
Absorbemw/ fuel only | 5.562 0.664 8.375 0 9.875

The SSLC system prevents crystallization withyagn0f 12.5 K and an Xargin
of 1.3%. If it were determined that less of a margin would be appropriate, then an even
smaller supplementary VCS (or lower absorpgeaporator temperature) could be used.
However, it is important to nete the s
evaporator temperatureo (t hEigutei3Bankgurat ur e
39). As the interevaporator temperature increases, the VCS evaporator load increases at
the same air flow rate; and above an k&eaporator temperature of 25°C frost formation
at the VCS evaporator becomes an issue. The ODAlaton flow rate should not be
increased to solve this, since it would increase the total cooling load. For an inter
evaporator temperature below 23°C, crystallization of the absorption cycle occurs. Thus

an interevaporator temperature of 23 to 25°Qaquired.
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The narrow range of acceptable compromise between these issues can be
expanded by allowing the total supply air flow rate to vary or by introducing a defrost

cycle. For a practical system, a robust control strategy would need to be identified.

3.2.5 Conclusions

An air-cooled, oftgrid absorption system using V&Ssisted SSLC can save fuel
compared to an engirtrive VCS. Fuel is saved even at high ambient conditions while
incurring parasitic loads to successfully address the issue of crystahizThe fuel
savings are 11.5% at the outdoor condition of 49°C and 35.2 g/kg using engine exhaust
heat and a duct burner, and the savings are 2.8% if no engine waste heat is utilized. The
savings are expected to be even greater at lower electricaldoddess extreme weather
conditions, when less cooling (or none at all) would be required from the supplemental
VCS to avoid crystallization.

Control of the system may be a challenge, and a suitable control strategy needs to

be identified.
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ChapltDeervel opDnpema@@OHP Test

4.1 Integration of CHP engine with simulated loads

4.1.1 Test facility

Facil i

The test facility includes the prime mover (currently a reciprocating internal

combustion spark ignition engine) with integrated heat regax@nponents,ra800 L

water storage thermal buffer tank, an outdoor radiatord@ap, and water connections

with the tap and drain. Constant speed pumps circulate water between components. The

heat flows between components are regulated by electigracaliated mixing/diverting

valves that control the amount of water recirculation. Thermocouples and turbine flow

meters throughout the system measure the hydronic heat transfer between components, as

shown inFigure42.
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Figure42: Schematic of test facility hydronics and hydronic instrumentation
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Figure42 shows the numbering scheme for measurement devices that was kept
consistent throughoutdlle st s (not shown are the tank©os
used in combination with the scheme showiiable17to quickly implement the manual
valve changes necessary to switch from one operation modetheano

Tablel7: Valve settings for the two operating modes and the draining/charging aetatang
modes (O-open' X=closed)

Tank Top Center (either)

V2 Tank Upper 0] X X X
V3 Tank Lower Left 0] X O O
V4 Tank Lower Right O X O X
V5 Tank Bypass X 0] 0] 0]
V6 Pump Bypass X 0] X X
V7 Drain Bypass X X X O
V8 Fill Valve 0 X @] X
Vo Air Vent X X X @]
V10 M3 Bypass Shutoff O X X X
V11 Pump Throttle Valve ~half X ~half X
M1 Ecopower ECO-PID OFF (any) AB-A
M2 Tank to Eco OFF PID (any) AB-A
M3 Tank to Plate HX PID (SH) OFF (any) (any)
M4 Drain PID (DHW) X X X

The tank is fitted with five irstream and eight surface thermocouples. Th8se
measurements werenieally spaced as shown kigure43. A perfectly eververtical

spacing could not be implemented due to the available openings in the tank.
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Figure43: Vertical locations of irstream anexternal thermocouples on tank

The outdoor radiator contains a watgycol solution, and exchanges heat with

the indoor water loop through a plate heat exchanger. It can be used to simulate hot water
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used in a fan colil for space heating. The drain ana@danections to the water tank allow
hot water to be replaced directly with cold tap water, simulating domestic hot water use.
The capacity of the heat load being dumped is regulated by varying the effective water
pumping rates through use of mixing valv€&or steady state testing, the buffer tank can
be bypassed and the primary loop flow rate fixed.

Within the prime mover cabinet, the heat recovery loop operathe sequence
shown inFigure44, with engine colant used as the heat recovery mediAfter
dumping heat in the plate heat exchanger, the coolant first services the generator, then oil
cooler, then exhaust gas, then cooling jackets. This arrangement keeps the generator
coolest for better electricalfefiency. Although a higher supply temperature could be
obtained by servicing the cooling jackets and then exhaust, the reverse is done. Since the
engine is designed for the heating season, a higher supply temperature is not
advantageous, and this arrangatminimized exhaust losses, the most significant type
of loss from the systenthermocouples are installed as showfigure44. The flow
rate isinferred froman energy balance on the plate heat exchangee, giedlow rate on

the other side is measured directly.
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Figure45: Photo of Ecopower cabinet interior with labeled heat recax@mponents
With this arrangement, the cooling jackets are the last heat recovery point. This
sets a practical upper limit on the heat recovery temperature due to engine material
reliability concerns (and the potential for surface autoignition in S| es@teywood

1988. For typical internal combustion engines, this limit is abou837C (170185°F).

98



The systematic uncertainties of all system instrumentation are depidtadlen
18. The uncertainty in the dagequisition (DAQ) module is considered negligible due to
its relatively small magnitude in comparison with the measurement instruments. For
analog inputs, the DAQ module has 16 bit resolution, over the rang2GyhA
(effective resolution: 15 mA) or-00 VDC (effective resolution: 190mV), depending on

the type of input.

Tablel18: Systematic uncertainties of all instrumentation

Absolute|Relative .
Instrument Units

error error
AL -425gasmeter (by volume) - 0.025 L/s
CMF025 Coriolisgasmeter (by mas - 0.025 a/s
Ohio Semitronicyvoltagetransducers - 0.005 \
Ohio Semitronicsvatttransducers - 0.01 kW
RTD sensors 0.2 - °C
Sponsleturbineflow meters - 0.01 kals
T-Typethermocouples 0.5 - °C
Vaisala RHsensors 1%RH* RH

* uncertainty ranges from 1%RH to 2%RH dependlng on RH value

Tablel9: Systematic uncertainties of selected values that were not measured directly

Calculated values AbsoluteRelative Units
error error
Natural gis density - 0.0 | kg/m’
HHV of naturalgas - 0.03" | kJ/kg
Qradiation - 0.4 kW
N Qco nvection - 0.6 kW
Aindicates uncertainty values that are based on statistical analysis of measurements made at
NI STdéds facility

4.2 Adsorption chiller: @&sign, construction an@CHP integration

This section describeékedesign and implementation of tegperimental
adsorption chillerlt includes the development of an equilibrium thermodynamic cycle
model used for component sizing and performance estimation.

First the basics of thedsorptiorcycle are briefly outlined for context and for the

reader unfamiliar with adsorption chillers. Next the experimentally implemented process

99



and instrumentation schematic is introduced to give perspective to the following sections,
which describe the sizingf heat exchange components, chiller fabrication and
integration with the CCHP system.

The temperature nomenclatwsed throughout this sectianillustrated inFigure

46.
T internal cycle external
temperatures temperatures
rsrc
Tdes Qdes

Tads = Tcond AT, Qads

_2rappr T

Tre'

TCH w

Tevap Qevap
Figure46. Adsorption heat pump temperature nomenclature

4.2.1 Adsorption cycteworking principle anadperationaphases

In a commorbasicadsorption heat pumgpnfiguration illustrated inFigure47,
two adsorbentoated katexchangers (or adsorbent beds) are placed in separate sealed
chambersThe only vapor phase species in the chambers is the chosen refrigacmt.
coated heat exchanger haternalpiping to allow heating or cooling fluid (heat transfer
fluid or HTF) to flow within. By heating one of the heat exchangers (the desorber),
refrigerantwill desorbfrom its surfacs, pressurizing its chamhdgventually the
pressure in the desorber chamber will exabedoressure in the condenser chamber, and
theupper vabe will open, allowing refrigerant vapor to passdand condense ithe
condenser (which is cooled by ambi¢etnperature water). The condensed refrigerant

flows by gravity to an expansiateviceand adiabatically cools upon expansion. The
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expansion procaesgenerates twphase refrigerant, with the liquid refrigerant evaporating
from the surfaces of the evaporatoctwl the chilled water withirnLow pressure is
maintained in the evaporator despite refrigerant evaporatiocnddyng the second coated
heatexchanger (the adsorber) with ambigrhperaturédTF, thus causing refrigerant

vapor to adsorb onto its coated surface. This arrangement can be maintained until the
desorber approaches a Adryo state and the
adsober/desorber roles of the two coated heat exchangers are then reversed, allowing
evaporation and condensatitancontinueNote that the switching period is initiated by
changing the temperature of HTF entering the adsorber HXs, which would typically be
implemented with HTF valves. It is thus possible to have entirely passive vapor valves. If
active vapor valves are used, they need to be activated according to the differential

pressure between chambers.

NWWeor—
Conderﬁq Active or
I ™~ passive

check valves

%

B Adsorber \ (] y Desorber ____ | Heat transfer fluid
X e _ temperatures:
E ‘_.:_:", ....... > Low (e.g. 10°C)
\g é =z ——> Moderate (e.g. 30°C)
g

"==% | -~—=>High (e.g. 70°C)

Refrigerant pressures

Evaporator (absolute):
5 '_-'"'._ Y 5:'1_ '_-'"'._ i Low (e.g. 0.01 bar)
............................ b3 -_.?:. “ ‘.‘: -,.‘1.:. “ (TTTrT > ATPT PP PRRPPRPRRRRET . 3 H|gh (e'g. 004 bar)

Figure47: lllustration ofa simple adsorption chiller

The necessity of periodically heating and cooling the adsorber heat exchangers

and associated piping accounts for the generally lower thermal COP of adsorption
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systems compared with absor pnia sosnd0 scyosnt seumse, s

driving heat (which is then rejected to the ambient in the next adsorption phase) without
contributing additional cooling capacity. However, since no solution pump is required for
an adsorption heat pump, the potential exists for improniedCOP compared with
absorption systems. Also, the wide variety of adsorbents available and in development,
particularly a diversity of zeolites, hold much promise for enabling adsorption heat
pumps to efficiently operate under a wide range of conditionkyding utilizing much
lower heat source temperatures than required by absorption systems.

In addition to the basic adsorption/desorption plastedescribedheat recovery
(HR) and pressure recovery (Pptjases can also be implementeddisorption clilers.

The HR phase occurs at the end of ad/desorption, and involves transferring the
HTF between adsorbers to great the cool adsorber and reduce the heat that must be
added in the subsequent desorption phase. Generally HR improvewkile decreasm
capacity, but very short durations of HR can improve capacity as long as theatiR
transfer [KW] in the new dmrber exceeds the heat transfer that would take place at the
beginning of normal desorptidnthis means having a higher HTF flow rate in H@n in
normal desorptionHR requires provisions for the HTFpass througithe adsorbers
directly, and possibly a dedicated HTF pump. In the beginning of HR, the process is
isosteric with the evaporator and condenser isolated. If l¥Rdstiveenoughto either
(a) lowerthenew adsorber chamber pressure below the evaporator prassioe (b)
raise the new desorber chamber pressure above the condenser pitessdi® can

proceed isobarically in either ad/desorber
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The PR phase occurs after the agtwption phasand before HRIt involves
directly connecting the adsorber and desorber chambers to allow vapor to travel from the
desorber to the adsorb&rh i s e f f ewlt d avdedieyorbditp aceept more
refrigerant in the next adsorption pkaghe evaporator and condenser are isolated during
PR. PR requires an actively actuated vapor valve that directly connects the adsorber
chamberslt can have a very short duration (~2 seconds) to only allomn#sstransfer
of refrigerant already preseasvapor inthe chambers, or it can have a longer duration
with continued heating and cooling of the de/adsorbers to approach an isobaric process.
PR has the potential to increase capacity as long as the PR refrigerant mass transfer rate
[ka/s] remains grater than the mass transfer rate that had been taking place at the end of
normal desorption. It would normally be expected to increaseiCO®& HTF mass flow
is zero during PRbout theeffectiveness of P limited, especially whenormal
desorption islreadyrelatively complete. Typically, due to faster kinetics at higher
temperatures, adsorption machines are more adsciptiad than desorpticiimited,
which means that PR typically has a small or negligible efiadt PR may have benefits

underconditions where the cycle is desorptionited.

4.22 Pipingand instrumentation of prototype

Two process and instrumentation diagrgi®&ID) are showrigure48 and
Figure49. Figure48focuses orfand is very accurate abgtie experimentally
implemented HTF plumbing schematic, but does not show vapor lines or all
instrumentationlt is also roughly correct in regard to the piwal layout of the plumbing
between the adsorber chambé&figure49 shows all instrumentatioand vapor lines but

does not have sufficient room to accurately or completely reflect the complete HTF
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plumbing. It ha no corresponahee at all to physical layout. The evaporator chilled water

(CHW) plumbing is an independent loop and is shown later.

from tank

™
—

charging 13~

HvW2

Key
@ DAQ
Heat transfer fluid
—3 Always hotHTF
—3 Always cool HTF

filter

V17
P> Toevap to from
CHW tank tank
charging
"A 17 SH
M7 Vie T +
>’ > _PHX
vis Cond
A~ Flow M5 G G Flow
matching control
Va3 é vid pu4
filter

Figure48: Process and instrumentation diagram focusing on pliifabing
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. ® @D Legend
- —>> liquid refrigerant

3 I - n vV, — Vapor refrigerant
<] > < <

% Heat transfer fluid
/'m_fii @ YV ) vz —3 Always hot HTF
= - T —> Always cool HTF

3 kW Heater ‘I;L an p red  To DAQ
(Fa)Ra3 DM pu7 bold 0/5V relay control

beld 4-20 mAcontrol
purple Manual control

_.
—
y
—

Nomenclature

ng}) @s0) exv Elec. expansion valve
T

T r# Turbine flow meter
| nvg HTFvalve

sD| Aidsorbefr m#  Mixing valve
£l 2 ooc Outdoor chiller
p# Pressuretransducer

I
@Jl pug Pump

r# RTD

sH Space heating
¢ Thermocouple

D4

ﬁ\% — | manual vvi Vapor valve
throttle ws Watt meter

Figure49: Process and instrumentation diagram focusing on instrumentation and vapor plumbing

The layout shown ifrigure48 andFigure49 allows for temperature arftbw
control through all of the components, as described presently. Cooling water is provided
to the condenser and adsorber via an outdoor chiller (ODC). Since the ODC loop using
glycol, a plate heat exchanger (PHX) transfers heat from the adsorptiom $ygtes
ODC. Cooling water temperatureisPtbont r ol | ed vi a mi xer AM70
adsorber are in parallel so their inlet temperatures are the same in this configuration). The
condenser HTF flow rate is Pi€ontrolledvia2way mi x er 8Bokbe&r&iTF The ad
flow rate is PIDcontrolled viathedvay mi xer AM6. 0 During peri
HTF flow through either adsorber (such as the HR phase when HV2 and HV6 are
closed), M6 remains fixed in its last location and M5 will generally close dagintlglto

maintain the same condenser HTF flow rate. The HR flow rate is manually controlled by
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throttli valve AV17. 0

ng

Av20.0 Al I HTF val ves

The

(HV),

hot HTF

vV a peadl.r

The evaporator CHW schematic is showirigure50, and a schematic of the

evaporator recirculated refrigerant (falling film) is showrrigure51.

m

0.6 m

Pu7

Manual flow-

.",-f'
regulating —

%

Capped
vertical

” air pipe

1.11'

Garden
hose

|
Filterl__ln'“G

ball valve

@me)

T

—

n

Immersion heater

Figure50: Chilled water schematic

In Figure50the flow rate ofrelaaa c t uat e d

pump

charging
fitting

AfPu?7o

throttling valve.Temperature control of the CHW supply temperature (RTD 43) is

v al

fl ow

V €S

achiewed by three relanctuated electrical heating elements inside the immersion heater.

Water pessure is maintained on the CHW loog a pressure regulator. Also included

are an air separation chamber, two air vents, an expansion volume, and a parfieulate fi
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Service
valve

[ Filter

R Swing
5:;:: K check

Put (gear valve

Schradervalve pump)
service port <&

Figure51: Recirculated refrigerant loop schematic
Challenges associated with the recirculated refrigerant loop are discussed in the
section on chiller fabrication.
In conjunction withFigure48 andFigure42, Table20 shows the valve setting for

various service procedures and normal operation of the adsorption chiller.
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Code

Pump(s)
Vi

V2

V3

va

V5

V&

V7

Va

Va

V1l

Viz

V13
Vid
Vis
V16
V17
V18
Vig

M1

M2

M3

(T FS

M5

MG

M7
Open HV
Close HV

avl, 2

Table20: Valve settings for conducting various procedures on AHP

Description

Tank Top Center
Tank Upper

Tank Lower Left
Tank Lower Right
Tank Bypass

Pump Bypass

Drain Bypass

Fill Valve

AirVent

Pump Throttle Yalve
AHP-tank isolation
AHP charging port
Clgwater flow ctrl
Flow matching (M7)
Flow matching (M6&)
HR flow control

Tap to tank or AHP
Tap to CHW loop
Ecopower

Tank to Eco

Tank to Plate HX
Drain

Cond. flow control
Ads. flow control
Heat rej. temp. cont.
HTF valves to open
HTF valves to close

Airvents

Normal
operation

o o O 0O

=

o}

X
~half
(any]
(any)
{any)
(any]
(any)
(any]
(any)
{any)

ECO-PID
OFF
PID (SH)
PID [DHW)
(any)
(any]
(any)
{any)
(any]

1-op, 2-cl

De-aerate
PM loop

Tap

X

o =

o O = 0O =

X
Any
Any
Any
Any
Any

Manual
Any
AB-A
AB-A
AB-A
X
(any)
{any)
{any)
{any]
(any]

1-op, 2-0p
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De-aerating

tank
Tap

X

o o o =

=

0]

¥/0 with hose

~half
(any)
(any]
{any]
(any)
(any]
(any)
(any]
{any]
(any)
(any]
(any)
®
(any]
(any)
(any]
{any]
(any]

1-op, 2-0p

Draining tank

Pul on
(either)
X

o

=

]

X
O (air)
X
{any]
{any)
{any]
{any]
{any)
{any]
{any]
{any]
AB-A
AB-A
{any]
X
{any)
(any]
{any)
{any]
{any]

1-op, 2-cl

Deaerating

(any]
(any]
{any)
(any]
X
0
O (w/hose)
(any)
X
0 (charging)
0
X/0 both
X/0 both
X/0 both
X
0
(any]
(any)
(any]
X
0
Middle
Middle
service setting

service setting

(any)



4.2 3 Sizing of adsorption chiller componeritgequilibrium thermodynamic

model

Theinitial design process fdhe chiller was published in Gluesenkan0(19
in a way that could be adoptbg others The design prass includedheuse of an
equilibrium adsorption modetléscribed in Chapter) o size théheat exchangers and
determine the requiredapor transfer tube diametdihe overall cost of the system was
sensitive to this diameteinge large electronically actuated ball valves scale dramatically
with size.

Based on the COP and SCP predicted by the model, the required capacity [kW] of
each heat exchanger was known.

The evaporator and condenser were designed based on heat tramsfations.
An adsorption system condenser needs to reject about the same heat as the evaporator
absorbs. A general rule of thumb would be to design the condenser to maintain less than a
5°C temperature difference between the condensation temperatafegerant and the
ambient temperature. This temperature difference is composed of three individual
differences, as shown Figure52. Thus, the difference between tube surface and
refrigerant saturation tempewa¢ should be around 2°C. Equat({@9), a correlation for
condensation on horizontal tubes was Useciopera2007)to plot this difference as a

function of tube length and diameter, as showhRigure53.

109



M

vapor
Tt T————*
Should Tourpavg —T——
be <5°C Tﬂuid,ﬂvg -

T

ambient — |

Refrigerant

Figure52: lllustration of temperatures associated with condenser
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Thefalling film evaporator design folleed asimilar procedure: select a

geometry and use heat transfer correlations to calculate the required tubing length for a

desired approach temperature. Accordimthe system specifications, the evaporator

should handle 3 kWralling film evaporatiorcorrelations were found fThome 2009)

Thome (2009) defies Equatiorf30) as a general form for falling film heat

transfer coefficient (HTC).

ag =Ky Gop
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whereU is the fallirg film HTC, L]mbis the HTC for norfalling film nucleate pool
boiling, andKy is a correction factoKs, in turn, is given by Roques and Thome (2007)
as an empirical functiofderived from R134a data).it dependent owertical tube pitch
(Lvp) compared with a reference vallgye) and the heat fluxg) compared with the

heat flux at onset of dryout for nucleate boiliggng), as shown in Equatiof31).

) L ® 3 5 & 2
K.=8+h P & an 9 op (31)
ff a2 1L 2 593q 0 4 qﬁ
o vp, ref g ¢ DNB =+ NB

Thus evaluation otk requires using correlations ok, andgpng, in addition to
an empirical correlation fdkx. All three of these correlations may have dependence on
fluid and reduced pressure.

Data specific to water at very low reduced pressures is very scarceaThu
number of combinations were evaluated and some empirical guidelines from Power
Partners Inc. were taken into consideration. The only correlatidfxflmund is the one
shown in Equatio§31). A correlation from Kutateladze (1948), shown in Equa(Rf),

was used fogpng.

. va
Oone =0.131 2 hy, gg( (- ga g (32

Several correlations fdih,, were used, as shown Trable21.

Table21: Corelations for nucleate pool boiling heat transfer

Author Year Working Water Evaporator| See Eqn #
fluid(s) specific condition
coefficients? within

correlation

limits?
Mostinski | 1963 all no no (33
Cooper 1984 all no no (39
Gorenflo 1993 various no no (35
Gorenflo 1993 water yes no (36)
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8,y =0.00417°7 B 1.8° + B2 1P (33)
For Equation(33), Uhppis in [Wm®K™], g is in [W/n] and Ry is in [kPal.
By =55P7 1 O (.0.43431(R)) T MOSP (34)

For Equation(34), Uhppis in [Wm®K™], g is in [W/nr], M is the molecular weight of the
flud,Rpi s t he sur f ac erherramge @frappkcabsity is for reducead |

pressures from 0.001 to 0.9.

0.9 0.3%3 ¢ 0.133
2 o "aR o
= gAY 2® %ﬂ 6 &P 3 39)
¢ -y gOO = ¢ p0 =+

For Equation(35), Chppis in [Wm?K™], Oy = 5600 [W/nf] for water,q is in [W/n], go =

20,000[W/n?r],Rpis the surface Rppu@hédepsm]jn em, anc

. 0.15 0133
0 aqo o a 0o

@ag 7P +§e1+ 0.68 RS ceo ¢ 2P o (36)
P (0]
-R+ gqoi— + ¢y £

Equation(36) is a form oquuation(35) which has been modified specifically for water.
It is applicable to the reduced pressure range of x10.95. The reduced pressure in
the evaporator is about an order of magnitude lower than this minimum, aboit 5x10
Figure54 shows four calculations for falling film HTQJ). All make use of
T h o mEeqgaasion(30) for the general form, Roques and Tine &guation(31) for Ky,
and Kut at el d32Zoegpns. THe tpur aatculatioms differ in the correlation
used folhpnb None of the four correlations for Unp

reduced pressur®y) of the evaporator (witR; 2 5%)1@0 r e n f | spidfic wat er

correlation (blue line ifrigure54) was the mst specific, heclosest to being valid at the
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evaporator conditions, and the most highly recommended. However, it was also the least
conservative. Thereforéhe evaporator tube area was designed based on the more
conservative calculations. Since thdife) film flow rate turned out to be smaller than

hoped for, this conservative approach turned out well.

3250
Gorenflo (H,0), 1993
2850
' 2450
A
gl Gorenflo, 199_%
= 2050 + o -
3 o Mostinksi, 1963
1650 + Cooper, 1984
1250

0.00004 0.00008 0.00012 0.00016 0.0002
Reduced pressure [-]
Figure54: Correlations for falling film heat transfer coefficient

For any waterefrigerantbased system, vapor transféays an important role
due to the extremely low density of water vapor at typical evaporator and condenser
temperaturesand the resulting sensitivity of the saturation temperature to small pressure
drops even on the order of millimeters of water colurfihis issue has been successfully
addressed in water/LiBr absorption chillers by integrated packaging of the components
between which vapor must travel (absorber/evaporator and desorber/condenser).

However, packaging components in a common vacuum vessal possible for
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adsorption machines due to the necessity of switching: the vapor must pass through some
type of valve from the evaporator to adsorber and from the desorber to condenser.

Some adsorption designs utilize large passivevaagvalves. Howeweg in the
interest of operational flexibility for research purposes, electronically actuated valves are
desirable. Furthermore, given packaging and tube fitting considerations there will be
some length of tubing between the valve and the components (rieseon either side.
Thus a study was conducted on the vapor line pressure drop as a function of valve
diameter, tube diameter, and tube length. Strictly speaking, the loss coefficients are based
on the assumption of fully developed flow, so will be lessurate in this case (since the
flow is not fully developed everywhere). However, this analysis should still yield-order
of-magnitude results sufficient for tubing and valve selectagure55 shows the
sourcef pressure drop in a vapor transfer line, &iglre56 andFigure57 show the
resulting pressure drop as a function of valve and tube diameter. Tube length is not varied
since, within a reasonable range, it was found to have a much smaller effect than valve

and tube diameters.
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. Entrance from reservoir

Reservoir (e.g. desorber)

K.1=0.04t00.5

Pipe length K, =(L/D)*f
- _ K,=0t00.5 n
udden contraction (A,/A, dependent)
Valve length K4 = (L/D)*f
Ball K. s =0.05 (fully open) — AP
Valve length K g = (L/D)*f
K,=0to1l

Sudden expansion

(A,/A, dependent) __

—_

Pipe length K g = (L/D)*f
;=-—
Exit to reservoir Kig=1

Reservoir (e.g. condenser)

pipe] Z Li a’w.!

valve 23 KL,iPdvn
i=

pipe.2 Z Li dm

Figure55: lllustration of 9 components giressure drop between two reservoirs, grouped into
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Figure56: Ef fect of pip@&xu@imnwmavel® on P
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Figure57: Ef fect of pipe di ameve®y on @P and ¢

FromFigure56 andFigure57, for a given valve diameter, there is an optimal tube
diameter. Above this optimum, the pressure drops associated with sudden cmméadgti
expansion around the valve outweigh the lower pressure drop associated with the tube.

The equilibrium model will be discussed in more detail in Chapter 6. For now, the
results for pressure drop are showirigure58, in which he sensitivity of systertevel
performance to pressure drop in the vapor lines was exgdlaréged Tscand Tcqw. The
effects ofvaporpressure drop are to reduce COP and to reduce the feasible operating
conditions. By inspectionfd-igure58, an example of the latter effect is that, with a 0.2
kPa pressure drop, the maximum feasible heat rejection temperature is about 32.5°C;
whereas for a 0.5 kPa pressure drop, the maximum feasible iglmly 27.5°C. In other
words, minimizing pressure drop will allow the system to operate up to higher ambient
conditions. Minimizing pressure drop also allows lower evaporator and hee¢ sou

temperatures to be achieyeadthough these results are not shdwvere.

116



0.7 - . . . . 1.6

<o
B

-~ E
n [=]
2 E
£ g5
w Uﬂ’ [y
0 8 < 5
035 2z
O5os =
w 0 @
£ 02 3 <
z g
2 0.1 )
0 L
0 0.3
APvapor lines
Figure58 Ef fect of @P on COP (solid Iines) and
temperatures

A vaporpressure drop of less than 0.1 kPa was set as a design target, and the
necessary valve size was determined to be®1D for asystem of3 kW cooling

capacity

4.2 4 Fabrication of adsorption chiller

A photograph of the prototype chiller is showrFigure59, wherethe four
vacuum chambers can be seen, each wiixan front cover. The condenser is in the
top-most chamber, and the evaporator in the lowest. The other two chambers house the
adsorber heat exchangers. The chambers are connedelddmy @ inch diameter
electronically actuated ball valves and insul@eticm @.5 inch diameter copper tube.
Later, not shown ifrigure59, insulation was added to the adsorber chambers and to the

flanges and front of the condenser and evaporator.
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“p Ower

Figure59: Prototype adsorption chillerear fnal configuration

Additional basicspecificationf the adsorption chilleare listed inTable22.
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Table22: Specifications of adsorption chiller

Nominal cooling capacity 2 kW

Number ofadsorber HXs 2

Working pair (refrigerant/adsorbent) water/zeolite

Adsorber HXfinnedvolumedimensions | 600 x 264 x 102nm
(excludesheaders and-tubeg

Calculated adsorbent mass (per HX) | 2.82 kg

Adsorbent substrate area (per HX) 16.7 nf

Charge of HF (per HX excl. heade)s | 2.47 L

Nominal driving temperature 70°C

Heat transfer fluid (HTF) type water

Refrigerant falling film flow rate 607 70 g/s

Refrigerant flow rate through EXV 0.27 1.0 g/s

CHW flow rate 607 100 g/s

HTF flow ratei condensr 907 180 g/s

HTF flow ratei adsorber cooling 180 g/s

HTF flow ratei adsorber heating 907 180 g/s

HTF flow ratei heat recovery 24071 260 g/s

HTF flow channels and feedthroughs | 20.0 mm ID steel/copper/PEX
HTF ball valves 19.1 mm ID stainless el
CHW lines 19.1 mm ID PVC
Refrigerant vapor feedthroughs 63.5 mm ID steel
Refrigerant vapor flow channels 50.8 mm ID steel/copper
Refrigerant vapor ball valves 50.8 mm ID brass
Vacuum chamber interior volume (emp{ 521 61 L (various lengths)
Condenser tube surface area 0.0016

Evaporator tube surface area 0.0023 m

The adsorber heat exchangdfgy(re60 andFigure61) were obtained through a
donation fromMitsubishi Plastic. They are copper tube and aluminum plain fin type with
12 parallel fowpasscircuitsand a 0.8 mm thickness coating of Z01 zeolie all fin
and tube surfacebleaders are 25.4 mm in outer diamefetditional data are provided

in Table22, Figurel67, Figurel69and surrounding text.
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Figure60: Adsorber heat exchanger used in pngietchiller

N\ A
\.
"\\\
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Figure6: Iosup of adsorber heat exchanger coated fins
1.8 mm fin spacing, 0.115 mm fin thickness,5n2m zeolite coating thickness

Each of the adsorbers, condenser and evaporator were housed in its own carbon

steel cylindrical vacuum chamber. A steel flange on one side of each chamber supported
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a 1 inch thick plate of Lexan to enable viewing of the heat exchangers during chiller
operation.

The vacuum chambers were desigasalind the manufacturing abilitiescan
limitations of Power Partners, In®Pl)in Georgia, USAa manufacturer of large
water/silica gel adsorption chiller& CAD drawing Figure62) wasdevelopednd PPI
carried out the welding and fabrication bétchamberwith feedthroughsind painting of

the chamber exteriors (SEgure63).

Figure62 CAD drawing of vacuum chambers with flanges and locations of feedthroughs
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Figure63. Two vacuum chambers as received from PPI

An aluminum frame was constructdeiqure64) and the chambers were mounted

into the frame for plumbing=igure65) according to the P&ID design

Figure64: Chiller aluminum frame with one chamber and adsorber
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Figure65: Vacuum chambers ready for heat exchanger installation, plumbing and instrumentation

The ondenser was soldered together with 22.23 mm OD copper pipe and fittings.
The tubes were placed horizontally so that refrigerant dripping off would fall directly to
the chamber bottonfigure66 shows the22.23 mmOD plumbingthat connectsn
adsorberandacondenseto their chamber feedthroughsfore installation of the Lexan

cover

123



Figure66:. Adsorber heat exchanger (left) and condenser (right) plumbed to chamber
feedthroughs

The evaorator,shown inFigure67, was also soldered together with 22.23 mm
OD copper pipe and fittings. The horizontal tubes were stacked vertically in two columns
and carefully leveled so that the refrigerant fallithgp fwvould fall from one tube onto the

next The CHW flowed on the inside and refrigerant flowed around the outside.
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Figure67: aIIing film evaporatlumbed to chamber feedthroughs

The falling film distributor (showischematally previously inFigure51) is
shown in operation ikigure68 andFigure69. Distribution of the falling film was
implementedvith a combination of an orifice tube (the copper tube with many small
orifices shown in the top dfigure68) to ensure even longitudinal distribution, and-vee
shaped aluminum distributor trays tleaisuredhe office jets landed on thmiddle of the

first tube in the evaporator.
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Figure68: Falling film distributor in operation, close up

i: . y{"-’

Figure69: Fallng film distributor in operatioj zoomed out
An unexpeted result for the falling film evaporator was that wegtability of the
copper tubes increased over timpparenthas iron oxide corrosiohuilt up on the

copper tube surfaces. Initially, despite attempts to carefully sand the copper surfaces and
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thenclean them with acetone, the surface was highly hydrophobic, with refrigerant
forming beads. The initial COP and capacity figuresngdyuthis time were roughly ore
fifth of their eventual values. As corrosion built up on the tubes, the wetted surface
fraction increased dramatically, and the system COP and capacity incr€asagkare the

initial wettability (Figure70) to the later wettabilityRigure68).

Figure70: Initial wettability of sanded and solveaieaned copper tubes

The recirculated refrigerafaop (Figure51) was a challenge due ppmpnet
positive suction heat (NPSH) requirements, and #weelfior avacuumtight hermetic
pump. The available NPSH was ab0ui m(2 fee) of water column, since the liquid
refrigerant pool in the evaporator was near saturation and the pump was (b6ated
below the liquid surface. No pump was found that wasufacturerrated for required
NPSH under such low absolute pressure conditions. A magneticaipled, inverter
driven gear pump was chosen due to its known hermetic design andetggineg
availability in the lab. A much less expensive alternatioelal need to be sourced to

manufacture a cost effective adsorption chiller.
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Due to the extremely low available NPSH, the particulate filter had to be placed
on the discharge sidg the pump. A check valve was added to avoid backwashing of
trapped partickates during pump shutoff. Due to the carbon steel vacuum chamber
construction and inevitable air contamination of the chamber during periods of system
shutdown, iron oxide particulates formed readily in the chamber. These particulates
continually cloggedhe filter. The evolution of filters used is shownkigure71. The
initial filter was a 60micron sintered type. This clogged within less than an hour of
operation, and fibers deposited by paper towels use@an the chamber are visible.

Next a 90 micron sintered filter was tried, but this only lasted for a few hours before the
maximum pump head was exceeded. Thard 4" filters shown are clogged and new
140 micron screens, respectively. These would laist few tens of hours. Eventually a

230 micron screen was used, which enabled extended testing, wihwasdetermined

effects on the gear teeth of the pump.

e

60 micron . 90 micron 140' micron 1 micron
sintered sintered screen screen
Figure71: Filters used in refrigerant recirculation line
A 230 miaon screen was alsaided to the inlet (not shownkigure51), along

with a strong magnet to capture ferrous particles, as shokigune72. However, proper
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operation 6this screen required that it bdly submerged in liquid. The screalso

reduced the available NPSH and was eventually removed.

Figure72: Inlet screer{230 micron)and magnet for refrigerant recirculation line

4.25 Integration of adsorption chiller into CCHP test facility

With regard to mass flows, the chiller is basically-selfitained, except for
connections for hot water supply/return and cooling water supply/return.

The chiller gets hot HTF from the top of the sfrat buffer tank and returns it to
the middle of the tank, as can be seen fragure42( see arrows | abel ed A
chillero and Afrom adsorption chillero). A
Figure48) delivers this hot HTF to the chiller.

In general, it would be possible to either supply hot HTF directly from the prime
mover, or via the tank. In this case, a taunpplied HTF method was chosen. This
allowed the chiller to run independently of the engine, simplified trigeneration system

control strategy, and simplified flow and temperature controls. It was made possible by
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using a stratified buffer tarika fully mixed tank would not work in this configuian
since the return temperature to the prime mover would become too high.
The cooling water is supplied véaplate heat exchanger, and eventually is

dumped to the outdoor chiller (sEgure48).

4.3 Residendl load profiles

For the dynamic test facility, thermal load profiles were identified. The thermal
load profile consists of domestic hot water (DHW) and space h&&thgor cooling
This section discusses the DHW and SH loads used for CHP testing (vaitioding).
The cooling load profiles will be discussed later, in Section 5.5.

Two realistic residential profiles were used to get accurate data for model
validation. A synthetic commercial load profile was invented to gauge the performance
under more exeme duty cycle. Three additional load profiles were devised in order to

interrogate the control strategy of the unit. Thesdoad profilesaredetailed inTable23.
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Table23: Load profiles summary

Profile DHW SH Profile
DHW source timestep SH source timestep duration
name : )
[min] [min] [hrs]/[days]
Residential
Annex 42 Mueller,
1 shoulder 300L/day 1 2009 10 168/ 7
season
Residential
summer Annex 42 Mueller,
2 seasorfno  300L/day 1 2009 10 168/7
cooling)
max rate 15 kW until
. until depletion,
3 Sgr%tgeetrlgial depletion, for 1 for 10 336/ 14
6-10am and 6-10am and
4-8pm 4-8pm
Synthetic 13- 0 kW
4 Y (N/A) (N/A)  (linear 10 78/3.25
ramp down
ramp)
Synthetic 0715 kw
5 > (N/A) (N/A)  (linear 10 90/3.75
ramp up ramp)
No
6 loads (N/A) (N/A) (N/A) (N/A) 168/ 7
Residential (See section 5.5 for
summer Annex 42 L .
7 : 1 descriptionof cooling 120/5
season (with 300 L/day load brofil
chiller) oad profilg

The first three of these load profiles had space heating@andddic hot water
loads. The profiles are shownhigure73to Figure76. The origin of the space heating
and domestic hot water profiles is described in the section&/belo

A week of residential winter season was not tested due to the lack of a backup

boiler in the experimental facility.
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Figure73: Residential shoulder season load profile
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Figure74: Residential summeseasorfDHW-only) load profile
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Figure75: Synthetic commercial load profile
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Figure76:. Synthetic ramgdown and ramjup profiles

133



Prime I:> Buffer |:>
mover tank “Infinite” load:

6-10am
Backup |:>
boiler

4-8 pm
Figure77: System assumed for develogicommercial load profile

(No load all other times)

As shown inFigure77, the commercial load profile was developed by assuming
that the prime mover were installed as supplementary heat input for some process that
required more heatingapacity than the prime mover can deliver during twwdr
blocks of time each day. Any load not met by the prime mover and buffer tank would be
handled by a backup system. Once the tank output temperaturdodlopssome critical
value (~60C), the tankoutput is stopped and the tank is allowed to be recharged by the
prime mover until some critical state of charge (~30% recharge) is reached. The tank is
then drawn off again, and this continues until the end ofeu4 block, when all loads

cease.

4.31 Space heating

The space heating profile for the residential shoulder season was generated using
the building model developed in TRNBuild by Mueller, 2009. The modeled building was
a Atypical sBrytesideree odapproximated@o nf (2,500square fedt
The values used for insulation and building envelope were based on construction methods

typical for the US in the 1990s. The weather profile imposed on the building was from
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the TMY2 databas@National Solar Radiation Database, 201d)) Steting, VA (near
Washington, DC).

The space heating load was calculated from the building model by assuming an
Ainfinitely variable capacityo HVAC system
occur. Oneminute timesteps were used in the simulatioticaigh the weather input to
the building model had hourly timesteps. The minutely data generated by the model was
reduced to 10ninute timesteps for the experimental profiles.

From the full year of simulated space heating load made available by the model
gualitatively Atypical o week from the spri
Sshoul der season experimental profile. (A i
space cooling load and no space heating load). This-lsagload profile was stodeas
a vector with 1680 values (one for the space heating load for each six minute interval in
the week). Every six minutes the PID controller in LabVIEW adjusted the experimental
space heating flow to match the setpoint value specified in the space heatimprofile.

A relatively smooth profile, along with i€econd timesteps in LabVIEW (for both PID
updating and data recording) insured good fit of the PID process variable to the control

value.

4.3.2 Domestic hot water

The load profile provided by IEAnnex 42 is given in timesteps of 1 minute. It is
derived from a probabilistic method developed by the IEA Solar Heating and Cooling
Task 26(Jordan and Vajen, 200fgr a household consungran average of 300 L/day at
45°C, in order to realistically repsent the minutely DHW consumption of a sirgle

family household. The profile specifies minutely volumetric flow rates of hot water based
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on a 45°C delivery temperaturgy), from which mass flow rate can be easily calculated.
Since the experimental storaigek does not generally supply water at 45°C, the profile
flow rate has to be adjusted based on the actual outlet temperature of thg)tank (
Additionally, since the temperature of tap wafky) @lso varies (and is replacing the
drawnoff hot water as wll as providing the cold stream for mixing), the effect of its
variation must be included in adjusting the profile flow rates.

For a stream of fluid produced by the complete mixing of two streawhisferent
temperatures, Equatid7) can be developed from an energy balance by assuming
constant specific heat and constant denSilyce water is of interest, for simplicity it can

be written in terms o€, with all C; terms cancelling each other out.
. . . (37)

In the present case, the load profile stream can be takenras<dteone, and the

hot (tank) and cold (tap) streams as the other two, giving:

3 ' ' (38)

Wherer" is the flow rate specified in the load profilt’ is the flow rate of

water from the hot storage tank, al’ is the flow rate of tap water being mixed with the

hot stream. Furthermore, the total flow rgieen by the profile is equal to the sum of the

two streams:

oo (39)

Combining the above two equations gives arression for the actual tank flow

rate that corresponds to the profile flow rate.
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The profile temperature & constant 45°C and the profile mass flow rate is
specified at every timestep, so this is a function of the tank outlet and tap inlet
temperatures. In general, since the tank outlet temperature is much higher than 45°C, the
drawdown rate from the tank witle significantly lower than the flow rate specified by in
the load profile.

Due to limitations imposed by the flow metering equipment, there is a minimum
and maximum measureable flow rate. Since the load profile (after adjustment for tank
and tap tempetares) has many timesteps above and below the range of the flow meter,
the load profile had to be modified. Total flow per hour was kept the same, but flows
below the minimum were aggregated, and flows above the maximum were spread over a

longer time perid.

4.4 Enginanstrumentatiorenergy balancavith uncertainty

A comprehensive energy balance was conducted for the engine. There was no
Aot her | osseso0O category as is typically th
only for shaft power. Alongvith propagation of all uncertainties involved in measuring
the energy balance, this allowed objective evaluation and verification of the
instrumentation. Thus estimates were made of convection and radiation losses from the
insulated cabinet walls, and thghaust flow rate and enthalpy were measured.

In conventional engine/genset testing, the shaft/electrical output and fuel
consumption are the most important variables. In this context, "energy balance" can be

used to mean an accounting for how much faergy goes to indicated power, net
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power, and shaft power, with estimates being made of frictional and heat transfer losses
in the conversion from one type of power to the next. Coolant and exhaust loads are
generally not measured.

In CHP engine testingoolant and exhaust loads are also important. Here, the
term "energy balance" is often used to mean an accounting of the distribution of fuel
energy to shaft/electrical power, coolant haatl exhaust heat. Usually, no attempt is

made to estimate other adiations, which are lumped into the "other" category.

Heat Losses

Parasitic
Loads

| 1
[ Fuel ! {[Electricity >
: : I Prime Mover Desired
rIPIJ S : cabinet : outPUts
I I

Figure78: Basic control volume view of prime mover cabinet

Radiation

Another meaning of the term "energy balance" is when a quantity is measured in
two independent ways, and the timmeasurements are compared as a gatieeir
measurement accurady is this most comprehensive type of energy balance that was
carried out in this work. This required measuring the energy flow of fuel and intake air
(the energy into the system) by om sf instruments, and the energy out of the system
by other sets of instruments. A cartvolume was drawn as Figure78. Using this
control volume, the forms of energy flow aftthe system were, in order wfagnitude:

- heat recovery water loop (this includes heat recovered from coolant and
exhaust)
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- electricity
- exhaust losses (the exhaust heat not captured by the heat recovery circuit)
- buoyancydriven convection from cabinet surfaces

- buoyancydriven convectiorirom cabinet vents (passive electronics
cooling)

- radiation from cabinet surfaces

chemical species enthalpy in exhaust (incomplete combustion products)

Measurements or estimates were made for each of these flows, including an
uncertainty estimate for eachantity. This allowed the uncertainties to be propagated
through the energy balance calculation to provide an objective estimate of how close the
energy balance should be to zero.

Thus, the energy balance performed on the CHP engine provided both (1) a
detailed accounting of fuel energy allocation and (2) an objective verification of
instrumentation and measurement accuracy.

The prime mover enclosure or AfAcFgld net o
78 showsthat a residential CHP prime mover cabinet has one energy(fapt two
desired outputs (electricity and hot water), three types of undesired heat losses
(unrecovered exhaust heat plus convection and radiation from cabinet exterior surfaces)
and paraitic loss of electrical output (e.g. to run water pumpie measurement of each
of thesesevenenergy flows is addressed in its own section below. In all cases, for
purposes of the energy balance, heat transfer calculations between the system and
surrowndings were carried out relative to the ambient room temperature which

surrounded the system, including the fuel
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for ambient conditions). This is in contrast to the values for efficiency, which are based

on gandard condition HHV. The energy balance was defined as:

EBal :[—[. (41)
where

E (42)
and

[. . water @exhaust Q(_)nvection Q _riédiatic (43)

Fromthe perspective of the cabinet control volume, the engine and integrated
el ectrical generator are fAblack boxes. 0 Fo
mechanical to electrical work in the generator simply convert mechanical energy into
thermalenergy. This will raise the temperature inside the cabinet, and in turn increase the
outputs of hot water, exhaust, and/or convective heat. For the Ecopower unit on a HHV
basis, the radiative losses accounted for ab@% Jof total fuel energy input, the
convective losses were about twice as largé%@, and the exhaust losses comprised 11

14% of the fuel energy input.

4.4.1 Fuel input

The natural gas fuel input was measured volumetrically by a diap¥tsgoem
American DTM200A meter with an integratedeec t r oni ¢ si gnal gener a
unit). The pulser sent an analog voltage signal to the DAQ system each time the meter
indicator physically passed a fixed point in its rotation, which occurred every 1.5 to 4

seconds, depending on engine speed. Usimghasample rate (around 60 Hz) in
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FieldPoint and LabVIEW, the time between pulses from the meter was measured. A
moving average of the previous 8 pulses was used to obtain a smoothed fuel consumption
rate.

Logic routines werelevised anananuallycodedinto LabVIEW to interpret those
pulses. This logic is shown as a decision trdeigure 79, and a sample outp(af the
time interval between pulsespm theinterpreted analog signal is shownFigure80.

As an example of something this logices: when no pulse is received for greater than

1.8 times the interval between the last two pulses, the system assumes that a single pulse
event has been missed (this can occurtd@etemporary lag in the sample rate as the
computer consolidates memory or performs some other task unrelated to DAQ sampling).
However, ifno pulses continue to be measurft 4 times the previous interval, then the

gas flow is inferred to have stogpbeompletely.

This logic routine was validated by taking manual readings from the meter face
over several hours during which the engine ran at various speeds and experienced
shutdown/restart events. The consumption value recorded by the DAQ system for the
time interval was in good agreement with the manually observed readings: there was
~0.2% difference in methods, compared with the 1% uncertainty assigned to the overall

meter volumetric reading.
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Figure80: Sample output from gas meter logic routine
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The meter does not incorporate temperature or pressure compensation. Thus
using the ideal gas law, the volumetric heating value was adjusted for temperature
changes. Atmospheric pressure, with a correction for elevatidh m (69 ft) above sea
leveland a correction for line pressure (abbis kPa, 06 in w.c.) were apple Line
pressure variations were less ti@ap5 kPa 1 in w.c), and were neglected. Barometric

pressure variations were also neglected.

Table24: Natural gas composition data

prod:reac Density at
k X Yk | molar ratio Molar 600 F
(component species] (Mo_le (Ma_ss (perfect HHV | HHV mass (15.56°C) an
1 fraction) fraCtlon)combustion 14.696psi
(101.325 kPg
chemica MOlyrod 3
formula name MOl/mMOok¢ | Kg/KGiot MObose Btu/lb | kJ/kg [kg/kmol kg/m

CH, Methane 94.90% [90.17%1.0000 23,875|55,533 (16.0428|0.6772
C,Hs |Ethane 2.50% 4.45% |1.0283 22,323/51,923 |30.0696|1.2693
CsHg  [Propane 0.20% 0.52% |1.0403 21,669(50,402 |44.0965/1.8614
C,Hi; |n-Butane 0.03% 0.10% |1.0470 21,321149,593 |58.1234|2.4536
C,Hyo |lsobutane  |0.00% 0.00% |1.0470 21,271149,476 |58.12342.4536
C,Hs |n-Butene 0.00% 0.00% |1.0338 20,854 148,506 56.1075|2.3685
C,Hs |Isobutene |0.03% 0.10% |1.0338 20,737148,234 |56.1075[2.3685
CsHy, |n-Pentane |0.01% 0.04% |1.0512 21,095(49,067 |72.1503(3.0457
CsHi, |Isopentane [0.01% 0.04% |1.0512 21,047|48,955 (72.1503/3.0457
CsHyo |n-Pentene  |0.00% 0.00% |1.0409 20,720148,195 |70.1344(2.9606
Ce¢Hisa |n-Hexane 0.01% 0.05% [1.0541 20,966 48,767 86.1772/3.6378

Nz Nitrogen 1.60% 2.65% |1.0000 0 0 28.0134{1.1825
CO, Car.Dioxide [0.70% 1.82% [1.0000 0 0 44.0098|1.8578
0O, Oxygen 0.02% 0.04% |1.0000 0 0 31.9988|1.3508
Hy Hydrogen 0.00% 0.00% |0.6667 61,095|142,10%2.0159 |0.0851

Totals 100.01% *(98.98% (1.0009 22,706|52,815 (16.8845|0.7127

* Totals depicted in table do nstim to 100% due to rounding. More significant digits were
used in calculations.

To convert the volumetric fuel consumpt
was used. The fuel ds HHV was obtained by a
September 16, 2008§ minute-by-minute data recorded by a calorimeter located at the

Gaithersburg campus of the National Institute of Standards and Technology (NIST)
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campus, which is serviced by the same gas utility (Washington Gas) as the University of
Maryland. The datasét shown inFigure81. Over the two weeks of recorded data, the
average HHV was 1024.6 Btu/scf (29.014 Btu/L, or 30.612 kJ/L). The maximum
deviations from this average were + 2.92%, i2d87%. The standard deviat from

the average was 0.84%. Given the difference in location between the NIST campus and
the lab in Maryland, the systematic uncertainty in HHV was assumed to be 3%. The
NIST calorimeter dataset also included the temperature and line pressure afdhe ga
each recorded minute. The values recorded by NIST were adjusted for elevation (508 ft

above sea level in Gaithersburg, versus 69 ft above sea level in College Park).
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Figure81: Raw calorimeter data taken at NIST
A compari®n of the measured calorific value of the fuel was made to two other
sources, as shown Fkigure82.
For The Washington Gas composition data, the given values were used to

compute the average HHV. The error bassewcomputed by manipulating the range of
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values for each component, first to minimize and then to maximize the volumetric
heating value of the fuel. The AField Samp

average values of five samples taken throughauttiuntry and presented on page 42 of

Petcherg2003)

1,300
= 1,200
2
3
é 1,100
> [ ]
T 1,000 * T

900

NIST Washington Gas  Field Samples

calorimeter composition data
Figure82 Comparison of three sources of HHV data
Note: 1024.6 Btu/cuft is equal to 38.173 M3/m

The values measured by NIST are corroborated by other sources, are clearly
within the range of possible gas constituency as specified by Washington Gas, and appear

to be the most accurate estimate available.

4.4.2 Electricity output

The electrical output was measured by an Ohio Semitronics watt transducer. The
transducer was ptad on the grigide of the isolation transformer. In order to obtain the
pretransformer output (in accordance with using the cabinet as a control volume
boundary), the measured value was adjusted for losses in the transformer. Also, two
parasitic loads mhw electric power directly from the cabinet and dissipate it outside the

cabinet: the water pump and mixing valve. Their electrical consumption was added back
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in to the electrical output value. This was done both for the reported electrical output
valuesas well as the energy balance calculation.

The water pump was packaged with the Ecopower, and has three speeds which
draw power (at actual system backpressure) as depiclabla25. The mixing valve
draws aboub Watts while operating, less than 1 Watt while idle, and only operates a
small percentage of the time. Its consumption was neglected. The-Battener
transformer was also packaged with the unit, and according to manufacturer data has

efficiency (as audnction of part load ratio) and losses as depictdtdganre83 andFigure

84.
Table25: Grundfos water pump power consumption
Pump Power
setting [W]
high 60
medium 31
low 18
1.00
y = 6.400E-02x3 - 2.640E-01x?+ 2.820E-01x + 8.770E-01
> R? = 1.000E+00
e 0.98 -
2
k=
&
@ 0.96 -
E
3
& 0.94 -
|—
0.92 1 . . .
0 0.25 0.5 0.75 1

Part Load Ratio

Figure83: Transformer efficiency as a function of its part load ratio
Transformer is rated at 7.5 kVA. Diamonds are manufacturer data, and the line is curve fit to
that data.
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Figure84: Transformer losses as a function of transformer load
Curve is based on efficiency curve fithigure83.

All other parasitics (e.g. ignition system, gas mixer stepper motor, etc.) are
|l ocated inside the cabinet, and were treat
same electricity output was used for the energy balance calculation as was reported in the

final results.

4.4.3 Hot water output

Following Equation44), the hot water output was measured by twetieam
RTDs and a Sponsler turbine flow meter. The volumetric flow rate of the flow meter was

converted to a mass flow rdtg reattime calculations of density based on temperature.

. \
( — \"'supply ~ heturn) (44)

r water

Water density and enthalpies were calculate@ah time in LabView as functions
of temperature. The averagehaf,pyandhewm Was used for the density calculatidyil
property calls were carried out in real time usGsEE XProp8” software KProps",

2012), whichidbas ed on NI ST 6lmseRef Props dat a
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It is typical in heat flow measurements for the uncertainty in temperature
measurement to dominate the overall uncertainty in the heat flow. If it is assumed that the
flowrate and specific heat are known perfecthg telative uncertainty in the &ieflow
can be obtaineds a function of the temperature difference and the uncertainty in those

temperature measuremendas shown in Equatioi5).

5q = _@4 (45)

This result has been plotted as a contour pl&igare85. This plot plaes a
lower bound on the relative uncertainty in a heat flow measurement for a given
temperature sensor uncertainty and oT. I n
flow meters with uncertainties better than 1% are common and the specific heét is wel
known, the total uncertainty will generally be very close to the minimum set by

considering only the T and the temperatur

0.5

wy (absolute uncertainty in
temperature) [K]

AT (temperature difference) [K]

Figure85: Relative uncertaint{%]i n a heat fl|l ow based igyn T and
temperature measurement
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The RTDs used to measure the supply and return temperatures of the pxiere m
had an uncertainty of 0.16 for all tests. The delta T between them ranged from about
5°C (at minimum part load and maximum water flow rate)2tCl(at full load and
minimum water flow rate). This variation in horizontal locatiorF@ure85 accounts for

the difference in relative uncertainties in heat output at different operating conditions.

4.4.4 Exhast heat losses

Measuring the heat lost through the exhaust was the most complex of the six

energy transfer calculations. The overall governing equation for this heat loss was:

(46)

Each term in Equatio#6) is addressed in detail in its own section below. An

overview ofthe measurements and calculations involved is providEdjure86.
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