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Nomenclature

Acronyms

A rate of availability, kW

I thermodynamic rate of Irreversibility, T,0, kW
m mass flow rate, kg - s~!

Q rate of thermal energy, kW

W rate of work, kW

AHP Absorption Heat Pump

COP Coefficient of Performance

E energy, kJ

EES Engineering Equation Solver

g gravitational acceleration, m - s>
GHG Greenhouse gases

GW P Greenhouse Warming Potential

h specific enthalpy, kJ - kg~*

HFO Hydrofluoro-olefin

P pressure, bar @

R universal gas constant, kJ - kg=! - K1
S entropy, k.J - K1
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specific entropy, k.J - k:g_”f@
temperature, °C' or@
Time, s

internal energy, kJ

specific internal energy, kJ - kg™!

velocity, m - s~} @

elevation above a datum level, m

Greek Symbols

G rate of entropy generation, kW - K1

n compressor or pump efficiency, dimensionless
Subscripts

a actual

cv control volume

J jth thermal reservoir, or component@
abs absorber

boiler boiler in the distillation column

c condenser, or cooling

e evaporator

h heating

min minimum

o reference state
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1. Introduction

Commercial and residential heat pumps are predominantly run using electrically-

driven engines (compressors) due to their reliability, compactness, low mainte-
nance, and favorable cost. In contrast, thermally-driven heat pumps—operating
on sorption effects—are inherently physically large, with lower coefficient of per-
formance based on site energy use, than their electrical counterparts. Renewed
interest is shown in thermally-driven heat pumps because they are essentially
independent of, or supportive of, the electrical grid. In addition, thermally-
driven heat pumps use refrigerants that have zero Greenhouse Warming Poten-
tial (GWP), which is in sharp contrast to the electrically-driven heat pumps that
mainly work with high-GWP refrigerants—with two exceptions: carbon dioxide
(R-744) and ammonia (R-717) and newer HFO blends and hydrocarbons [I], [2].
The idea that thermally-driven systems are, on the whole, more environmen-
tally friendly than vapor compression heat pumps seems appealing, especially if
the electricity driving the vapor compression heat pumps is derived from burn-
ing coal. Absorption (a subset of sorption) is receiving increased attention as
an enabling technology to utilize fuel more effectively, reduce pollution, and to
serve multiple thermal loads simultaneously. For example, integration of ab-
sorption with micro gas turbines uses a wide range of fuels to simultaneously
produce electricity, cooling, and heating (so called combined cooling, heating,
and power, or CCHP systems) [3, 4]. Other applications include fuel-driven
Absorbtion Heat Pump (AHP) water heating [Bl [0l [7], compression absorption
heat pump for large temperature (90°C) lifts [8 9], solar-assisted absorption
heat pumps [I0, 11} 12] 03, 04], district heating [I5] 16l 13, 7], and thermal
energy storage [I8, [19]. Many examples of industrial applications of absorption
heat pumps can be found in drying [20, 21| 22], distillation [23| 24, 25| [26],
and evaporation [27], 28]. The predominant working pairs in absorption tech-
nology are LiBr-H,O, NH3-H50O, and to a limited extent, NaOH-H;O with few
exceptions [20].

Since natural gas emits approximately half the carbon dioxide as conven-
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tional coal plants to produce electricity [29], it is viewed as an acceptable
“bridge” fuel to cut greenhouse gas (GHG) emissions. The target submitted
by the United States to the United Nations Framework Convention on Climate
Change (UNFCCC) is to reduce GHG emissions by 26—28% below 2005 levels by
2025, and to make best efforts to reduce it by 28% [30]. The growing supply of
natural gas in the United States may serve as an interim stopgap surrogate for
aging coal-fired power plants, but it is not an answer to the problem of accumu-
lating atmospheric COs levels, which have reached 404.48 ppm as of June 2016
[31]—up from 286 ppm at the start of the industrial revolution, circa 1781, the
year James Watt patented the Steam Engine. For the year to date (June 2016),
the average global temperature was 1.05°C above the 20th century average,
surpassing the previous record for this period set in 2015 by 0.20°C'. Scientists
of the American Geophysical Union (AGU) agree that the detailed temperature
record of the 20th century cannot be explained without bringing to bear human
effects and GHG emissions [32]. How long natural gas shall serve as a bridge
fuel to generate electricity is debatable. Since heat pumps are indispensable in
reducing the demand on primary energy resouces by harnessing renewable or
waste energy and converting it to a useful utility, it is incumbent to provide the
most appropriate choice of engines to drive them.

This paper discusses the question of whether an electrically-driven engine
or a thermally-driven engine is a more efficient consumer of the source energy.
The methodology relies on energy, exergy, and availability analysis to quantify
mechanical work produced by the engines, entropy production, and process
Irreversibility, the true measure of thermodynamic “Lost Work.”

An ammonia vapor compression heat pump is considered first, followed by
the thermally-driven ammonia-water absorption heat pump. Design features
such as heat transfer coefficients in heat exchangers, wettability, approach tem-
peratures, distillation and rectification plate spacings, superficial velocity, flood-
ing, and other technical issues important to the design engineer are eschewed,
because these details are unnecessary for the type of analysis required to address

the question of interest. The analyses’ calculation basis is to provide 175.6 kW
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(= 50 tons) of refrigeration at an evaporator temperature of 0 °C and to reject
heat at 50 °C in the condenser. These temperatures are chosen because they fall
within close proximity to acceptable ranges of refrigeration, space conditioning,
and water heating applications. Ammonia is suitably the refrigerant of choice

since it is used in vapor compression, and in absorption machines.

2. Methodology

The methodology consists of applying energy balances, entropy generation,
and availability analysis to the electrically- and thermally-driven heat pumps to
quantify the mechanical work produced by these two different engines to drive
the heat pump.

The energy balance from the First Law of thermodynamics is expressed by

Equation (1))[33]:

ch+ch+ h+7+gz - m h+V72+gz
2

out

_dEcv_i +Vj+
ot oa |\ TR

where Q., and W, represent the rate of thermal energy and work, respectively,

(@)

supplied to the control volume (cv); 7 is the mass flow rate in and out of

the control volume; h,%-, and gz represent the enthalpy, kinetic, and potential

IO

energy terms of the mass flow; and u is the internal energy per unit mass of the

is the rate of accumulation

fluid flowing in the control volume. The term dgc“
of energy within the control volume, where E.,= m (u + VT + gz). Note that
both QCU and W, are defined as positive when they are inputs to the control
volume.

The general entropy production equation is

dsc’u . . Q .
7 —l—Zm(s)—;m(s):ZT—&—Ucv. (2)

out

Since the First Law Equation contains work terms but no entropy terms,

and the Second Law Equation (2) contains entropy terms but no work terms, it
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is useful to combine the two to yield:

) 2 2
WCU—Zm<hTos+‘g+gz>Zm(hTos+‘g+gz>

out in

. To dEcv dch .
R

where T, is the reference temperature taken to be 273.15 K; Qj is the heat

SN )

transfer at the control surface to or from thermal reservoirs at T, or Tj; Se,
is the entropy within the control volume; and &, is the total rate of entropy

generation. Under steady-state conditions, Equation is reduced to

ZQCU+WCU+Z <h++gz>—zm<h+v22+gz> =0, (4

out

and under steady-state and no-flow conditions, Equations [2| and [3| reduce to

v = ZQJ ®) (5)

and

. . T, .
ch,actual = - Z Qj (1 - E@Toacva (6)

The minimum steady-state, no-flow rate of work, W,, is when the entropy

Wi == 30 (D ). @

The International Union of Pure and Applied Chemistry (IUPAC) conven-

with I, = Ty6ey.

generation term is zero:

tion, used in this paper, defines the change in internal energy as AU, =
> Qev + Wey [34]. Throughout this paper, the useful work produced by the
electrically-driven engine or the thermally-driven engine shall be calculated from
the equation for the First Law, followed by an availability analysis, and the com-

bined form of the First and Second Laws depicted by Equation . The First
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Law has a work term, but no entropy terms. The Second Law has entropy terms
but no work term. Their combined form ([33]), described by Equation (3)), re-
veals systemic Irreversibility vital to explaining the characteristic differences

between the two engines—the focus of this paper.

3. Electrically-Driven Vapor Compression Heat Pump

3.1. First Law Analysis of the Electrically-Driven Heat Pump

A standard vapor compression heat pump (Figure [1)) operating on the ba-
sis stated in the introduction is modeled using the Engineering Equation Solver
(EES) software [35]. The corresponding p-h and T-s diagrams shown in Figure[2]
and Figure|3| respectively, display relevant properties at the state points around
the heat pump cycle. The compression efficiency, taken as 0.7, is representa-
tive of current technology. The expansion valve (EXV) is customarily treated
as isenthalpic but has a large entropy change across it (Figure |3)). The engine
section consists of the electrically-driven adiabatkﬂ compressor; and the heat
pump section consists of the condenser, evaporator, and the EXV. The state
properties for three cases of compressor efficiencies, 0.7 < 1 < 1.0, are summa-
rized in Table Ignoring kinetic energy, potential energy, pressure drop, and
heat loss from the compressor casing—on the basis that it is small compared to
the work output [38], [36] and unimportant to the central theme of this paper—
the energy balance for the cycle-through application of Equation and the
state properties computed from the EES model are summarized in Table[I] A
straightforward application of the First Law for the n = 0.7 case yields the
compressor work to the heat pump as positive (56.69 kW); when added to the
thermal heat input (175.7 kW) to the evaporator, it equals the heat rejected
via the condenser (—232.4 kW). Similarly, for the other two cases when n = 0.9
and n = 1.0 the energy balance equation is fully satisfied for the control vol-

ume around the heat pump as summarized in Table[2] As compressor efficiency

IThe assumption of an adiabatic compressor is more of a convenience than a necessity. For

details on compressor heat losses, see [36], [37]
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increases, the work required to drive the heat pump and the heat rejected via
the condenser both decrease for the same refrigeration load. The variation in
condenser load in going from a compressor efficiency of 1 to 0.7 is not significant
125 ﬂ Our primary focus is on the useful work produced by the electrically-driven

engine needed to drive the heat pump portion of the cycle.

R$=|Ammonia ~

Engine Heat Pump

hy = 1792 [kJikg] ‘I‘ Teond =[50] [C]

; : hy=440.7 [kJikg]
s4=5863 [kJIkgK] | | | .
1 | 1 S = 1.792 d

Condenser

1
| Aeona = -232.5 [kW] |
Expansion
! [kW] x walve (EXV)
s |
: > 5
=0.7
Ncomp . ] | hy = 440.7 [kJikg]
I ' s, =1.881 [kdlkg-K]

N [ Evapaorator

hy=1462 [kdlkg] 3

$3=5.621 [kJlkg-K] I Govap =[175.8] [KW]

Tevap =|§| [€]

e

w

L
Wcomp =56.6

Figure 1: A standard vapor compression heat pump demarcated into Engine and Heat Pump

sections. The refrigerant is ammonia.

2Typical compressor efficiencies are 70% -85% [39]. Higher efficiency bounds the achievable

limits.
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Figure 3: Temperature entropy at state points from the simulation of the vapor comprossio@
cycle of Figure [T using EES.
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Table 1: State points from simulation in EES for compressor efficiencies designated by n;

@0 °C;Te =0°C; and T, = 25 °C

n=20.7
State Point T @ h S Quality m
(°C) | (bar) | kJ -kg™' | kJ kg~ -K~! kg-s—!
1 50 20.33 440.7 1.799 0 0.172
2 0 4.296 440.7 1.881 0.1908 0.172
3 0 4.296 1462 5.621 1 0.172
4 153.4 | 20.33 1792 5.683 1 0.172
n=20.9
1 50 20.33 440.7 1.799 0 0.172
2 0 4.296 440.7 1.881 0.1908 0.172
3 0 4.296 1462 5.621 1 0.172
4 125.5 | 20.33 1718 5.686 1 0.172
n=10
1 50 20.33 440.7 1.799 0 0.172
2 0 4.296 440.7 1.881 0.1908 0.172
3 0 4.296 1462 5.621 1 0.172
4 116 | 20.33 1693 5.621 1 0.172
11



Sticky Note
p instead of P

Sticky Note
tc = 50 °C, te=0 °C, to=25 °C


O©CO~NOOOTA~AWNPE

Table 2: Energy balance for components in the simple electrically-driven heat pump cycle
calculated from EES (compressor n = 0.7, n = 0.9, and n = 1.0); T, = 50 °C; T, = 0 °C}; and
T, =25 °C

n=0.7
Component Energy In | Energy Out
kW kW
Actual work produced, Waetyarve | +56.69
Evaporator 175.6
Condenser —232.4
Total 232.3 —232.4
n=20.9
Actual work produced, Wactual,vo +44.03
Evaporator 175.6
Condenser —219.7
Total 219.6 -219.7
n=1.0
Actual work produced, Wactual,VC +39.73
Evaporator 175.6
Condenser —215.4
Total 215.3 —215.4

12
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8.2. Awailability Analysis: Generic Non-Flow Configuration of the Electrically-
driven Heat Pump

Another way of calculating the mechanical work required to drive the heat
pump of Figure [I] is by using a more generic representation of the cycle to
which availability analysis is applied. Such a representation does not need any
specification of the nature of the refrigerant, fluid flow rates, or the engine type
as it would in the EES model. For the same conditions of thermal loads and
temperatures, the required work is obtained by applying Equation @ to various
components. Our focus is to determine the work supplied by the engine to drive
the heat pump and to show consistency with the results calculated from the First
Law, as summarized in Table 2] An added benefit of using availability analysis
is that it reveals systemic inefficiencies which the First Law alone cannot reveal.

We apply Equation @ to the evaporator in two parts. The first part consists
of the first term on the right hand side of the equation, and the second part
consists of evaluating T,0.. This is done to show the relative magnitudes of

work and Irreversibility. The evaporator availability is given by Equation :

Ae,VC’ = Qe (1 - g::) . (8)

Since T, > T, and Q. is > 0 (by convention), A, o= -16.08 kW.

Applying Equation yields the entropy generation, de:% (0.643]@’ .
K~1). The evaporator Irreversibility—the second term on the right in Equa-
tion (6)—is then given by the product T,c..

Similarly, noting that Q. < 0 (by convention); the condenser availability,
Ac,vc = QC ( — %)@7.98 kW - K‘l); entropy generation, dc:@-l7.98
EW - K=1); and Irreversibility, T,d. (—0.7192 kW), are readily calculated.

The minimum work to drive the heat pump calculated from Equation
is 34.06 kW. Summing the entropy generation rates of the evaporator and con-
denser and then applying Equation yields ¢, = 0.076 kW - K—1. The total
heat pump Irreversibility is the product of T, and &, O kW).

The actual work necessary is the sum of the minimum work and the total

13


Sticky Note
Sigmae = Qe / Te = 0.643 kW.K-1
I = To.Sigmae = 191.6 kW

Sticky Note
=Qc.(1-To/Te) = 17.98 kW

Sticky Note
Sigmac = Qc / Tc = - 0.719 kW.K-1
I = To.Sigmac = -214.4 kW

Sticky Note
To and Sigmacv, I hp = 22.7 kW


O©CO~NOOOTA~AWNPE

155

160

165

170

175

180

cycle Irreversibility (Lost Work)—whose sum is 56.76 kW— in good agreement
with the First Law (56.69 kW) using EES simulation, thereby verifying our
methodology and calculation procedures.

The results of the availability calculations for compressor efficiencies 0.7 <
n < 1.0 are tabulated in Table

Agreement between the actual compressor work (Wactual,vc) determined
from the First Law analysis matches the availability analysis exceedingly well,
as shown by comparing values in Tables [2| and [3] The total cycle Irreversibility
is the highest (27.70 kW) when the compressor is least efficient (n = 0.7), and it
is the lowest (6.99 kw) when the compressor efficiency is at its maximum value

(n =1). Similarly, the actual work required to drive the heat pump varies from

56.76 kW to 39.73 kW as 0.7 <n < 1.

8.8. Second Law Analysis: Flow Configuration of the FElectrically-Driven Heat
Pump

For a comprehensive analysis, we resort to applying Equation to the sys-
tem shown in Figure[I]to prove that the actual work required by the electrically-
driven engine is in agreement with our previous two calculations for each of the
three cases of compressor efficiencies, n = 0.7, 0.9, and 1.0.

Under the assumption of steady-state and neglecting kinetic and potential

energy terms, Equation reduces to Equation @D

Wey = ;m(h ~T,) - ;m(h ~T,) - j (1 - %) + Tobrotar- (9)
The state points derived from the EES simulations used for Equation are
from Table Its application to the three cases of compressor efficiency (7)
further quantifies component-wise and systemic Irreversibility and reaffirms the
work of the electrically-driven engine required to drive the heat pump by the
previous two methods.

As compressor efficiency increases, its entropy generation rate (&) decreases,

becoming zero when 17 = 1. Since the compressor does not need to overcome

14
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as much “Lost Work” at higher levels of 7 as it does at lower levels, the total
work required to drive the heat pump decreases as 7 increases. The work pro-
duced by the electrically-driven engine to drive the heat pump from the Second
Law analysis (Table [4)) precisely matches the values obtained by the First Law
analysis (Table and the availability analysis (Table , thereby completely
validating our analysis.

We have yet to show that the total Irreversibility of the electrically-driven
engine—combined with the heat pump cycle from the Second Law analysis
for the flow system—agrees with the values calculated from the availability
analysis (jvc in Table . To accomplish this, we utilize the properties from
Table 1| to calculate ¢ from Equation to determine the Irreversibility for
each component; we then add them up for the entire cycle as shown in Table
We see precise agreement between Iyc and the total Irreversibility (I =T,0)

calculated by the two different methods mentioned above.

8.4. Performance Metrics and Source Energy Consumption

The heating and cooling coefficient of performance and the source energy
consumption are tabulated in Table [f] based on the evaporator, condenser, and
compressor workloads shown in Table 2] The efficiency of a power plant that
converts a fuel into heat and subsequently into electricity is measured by the heat
rate: the amount of energy used by the power plant to generate one kilowatt-
hour (kWh) of electricity. The inverse of the heat rate is the power plant
efficiency, which for coal- and gas-fired plants is typically 33-45%, respectively
[40]. We adopt 33% rather than 4@ our analysis because it provides a more
conservative (higher) figure for the sour@lergy consumption.

17
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Table 5: Energy generation and Irreversibility for eac

heat pump cycle with T, = 50 °C; T = 0 °C; T,

m=0.172kg - s~ !

amponent in the electrically-driven
E‘ °C; and 0.7 < n < 1.0; with

n=0.7
Component ove =T,
kW - K1 kW
Compressor | 0.041624 12.41
Condenser 0.0202 6.03
EXV 0.0141 4.21
Evaporator | 0.000177 0.053
Total 0.0761 22.70
n=0.9
Compressor | 0.01118 3.3333
Condenser 0.0113 3.371
EXV 0.0141 4.21
Evaporator | 0.000177 0.053
Total 0.03676 10.96
n=1.0
Compressor 0 0
Condenser 0.0092 2.73
EXV 0.0141 4.21
Evaporator | 0.000177 0.053
Total 0.02348 6.99
18
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\ l % Condenseror, T, ™ Condenser
T 7 —z325 kwy | Availability,
3 | _____ o 1 -17.98 kW
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W e = 56.69 Il i .
Winin =308 kW Generic > | v i v X @
Engine ] :’Z
' |
| | |
A | bmpeles o i 2
| I Evaporator, T, |
| 175.8 kW o=
4
e E-.ra;:lnore!tlor
R Availability,
Irreversibility 16.08 KW
=10, 3
22.70 kW -

Figure 4: The generic representation of the engine and heat pump configuration of Figure

The work supplied by an electrically-driven engine, used to drive the heat
pump shown in Figure {4 for the lowest value of the compressor efficiency con-
sidered in this study (n = 0.7), is W = —56.76 kW, consuming 172 kW at
the sc@. Higher compressor efficiencies consume less energy at the source
as shown in Table [f] The First Law provides information on the work and
thermal loads, but the Second Law is necessary to provide information on how
systemic inefficiency is distributed. The most inefficient components depend
on the compressor efficiency as shown in Table [5] When n = 0.7, the order of
Irreversibility is compressor > condenser > EXV > evaporator. However, this
Irreversibility hierarchy changes to EXV > condenser > compressor > evapo-
rator when n = 0.9. Further reordering takes place with EXV > condenser >
evaporator with the compressor Irreversibility equal to zero when n = 1 (isen-
tropic compression). Identifying sources of systemic inefficiency is accomplished
by examining the cycle through the agency of the Second Law. The heating co-
efficient of performance (COP) varies between 4.10 < COP@.?Z, while the
cooling coefficient of performance varies from 3.10 < COP, < 4.22. These lev-

els of performance and systemic inefficiencies in recent water heating and space
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conditioning applications have also been documented for R410A [411 [38, [36].
These metrics, along with the absolute values of the thermal energy and work
terms, are used to compare against the thermally-driven engine and heat pump

system.

4. Thermally-Driven Engine and Heat Pump

The thermally-driven engine consists of a distillation column with rectifying
and stripping sections, an accumulator for refrigerant reflux, a solution heat ex-
changer between the absorber and the distillation column, and a solution pump.
The heat pump, as in the case of the electrically-driven vapor compression case,
consists of an evaporator, a condenser, and an EXV. The assumptions for the
thermally-driven engine are (1) the reflux ratio is held constant at 0.50; (2)
the solution pump efficiency (7pumyp) is taken as 0.85; (3) the ammonia concen-
tration in the absorber is 95% of its equilibrium value; (4) the concentration
of ammonia entering the absorber as a fraction of the concentration leaving
the absorber is 0.5; and (5) there is equilibrium between the liquid and vapor
phases in the evaporator and condenser. The temperature differential between
the solution fed to the absorber is kept 5 @bove the temperature of the solu-
tion leaving the absorber after heat is transferred from the absorber to a utility
stream. These assumptions are practical and reasonable. The effect of higher
and lower reflux ratios and ammonia purity from the distillation column are

discussed later in the paper.

4.1. First Law Analysis of the Thermally-Driven Heat Pump

A single-stage absorption cycle as shown in 5| is used for this evaluation.
For this analysis we used EES to model a thermally-driven ammonia-water heat
pump that provides 175.6 kW of cooling. The output with state points and
state variables is shown in Figure [5] Since this system is primarily driven with
thermal energy (except for parasitic electricity used by the solution pump and

controller), the mechanical work produced by the thermally-driven engine to
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drive the heat pump is obtained by applying Equation . The steady-state

energy balance for the cyclic process around the heat pump reduces to > We,
+ Y Qe = 0. Since 3. Quy = Qe + Qe = —281.1 kW + 175.6 kW = —105.5
kW, S W,y is +105.5 kW, which is the total work that must be done on the

»5 heat pump by the thermally-driven engine to enable the heat pump to meet its

demand.

1, -[20] [¢]
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vy =[0.905] -]
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g = 886 [lkg/h] |
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hg = 820.8 [Jkg] ' =
g = 10014 [lg/h] i
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< 5 Iy = 7318 [kJlsg = 2.264 [k kg K]
| i

Ty =53[C] 5
hy = 195.4 [lJikg]

e |

& :

o)

o = -349.5 [KW)

Absorber

——

3

T @

Iy = 141.2 [kJkg]

Iy = 138.7 [kJ/kg]

Ty=T3+ IC] Ty=50[C]
%y =0103 %= 0105
Vigump = 7-243 [KW]

Iy = 237.6 [kJkg]
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l(]|
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Figure 5: A single-stage ammonia-water absorption cycle demarcated into Engine and Heat

Pump sections. The refrigeration load is fixed at 176.6 kW with T, =0 °C; T. = 50 °C.

For a control volume encompassing the engine-heat pump configuration, the

energy inflows and outflows summarized in Table [7] clearly show satisfaction of
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Table 7: Energy balances around the absorption heat pump: T, = 50 °C; T. = 0 °C; and
To =25 °C

Component | Energy Input | Energy Output
(kW) (kW)
Evaporator +175.6
Condenser —281.1
Absorber —349.5
Pump +7.24
Boiler +447.7
Total +630.54 —630.60 @

the overall energy balance within limits of acceptableﬂ computational accuracy.

4.2. Second Law Analysis: Generic Non-Flow Configuration of the AHP

Similar to the case of the electrically-driven heat pump, a generic representa-
tion of the thermally-driven heat pump cycle of Figure[5]is shown in Figure[6] to
which availability analysis is applied. This generic representation is independent
of the nature of the refrigerant, fluid flow rates, or the engine type. For the same
conditions, thermal loads, and temperatures as shown in Figure [f] the required
minimum, actual work, and systemic Irreversibility distributed across the com-
ponents is once again obtained by application of Equations @f@ The results
are tabulated in Table[8] Since the procedure is the same as the one applied to
the generic electrically-driven heat pump shown in Figure 4] the details of the
calculation are skipped for brevity. The algebraic sum of the evaporator and
condenser availability is —105.7 kW, which must be supplied by the thermally-
driven engine. The minimum work from the availability analysis (tabulated in
Table 8] column three) is 37.85 kW. Since the total Irreversibility is 69.89 kW,

the actual work supplied by the generic engine must be the sum of the minimum

IMost of the correlations used in EES for brine properties were obtained from Melinder

(2010),reference [42]
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work and the total Irreversibility, which equals 105.7 kW, and is in complete

agreement with the previously calculated value from the First Law.

Engine Heat Pump/Refrigerator
| l Condenseror, T, Lonlden.sle r
i : > s + Availability,
2 | iy 21.77 kw
| 1
el ®)
Generic : l :Z
Engine |
A 3 : 2
ll i Evaporator, T, (_\_
175.6 kw
R —— | Evaporator
o ) Availability,
W s, ip = Wiy +1 = +105.7 ki -16.08 kw

Figure 6: Minimum and actual work required by a thermally-driven engine to drive the generic

heat pump operating between T, = l@: nd T. = 50 °C, providing 175.6 kW of @era‘cion.

In order to further consolidate our availability analysis, we consider a heat
pump providing the same 175.6 kW of refrigeration load except at an evapora-
tor temperature of 5 °C instead of 0 °C, and rejecting the same 281.4 kW of
heat to the condenser at 37.7 °C' instead of 50 °C. Basically, the heat pump
now provides a smaller temperature lift. Since the algebraic sum of the evapo-
rator and condenser loads remains the same, the actual compressor work from
an energy balance should also be the same, despite the smaller temperature
lift from 37.7 °C' to 50 °C. To prove the constancy of the actual work, we
invoke availability analysis once again and summarize the results in Table
Due to the higher evaporator temperatures and lower condenser temperatures,
their respective availabilities both drop. Since the temperature lift is lower,
the minimum work is also lower at 24.13 kW. However, the total cycle Irre-
versibility increases to 81.61 kW, which when added to the minimum work of

24.13 kW equals 105.7 kW—as expected to satisfy the energy balance equation
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[Equation ] as applied to the entire heat pump cycle.

4.8. Second Law Analysis: Flow Configuration of the Thermally-Driven Heat

Heat Pump
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Figure 7: A single-stage absorption cycle demarcated into Engine and Heat Pump sections.

The working pair is ammonia-water. The refrigeration load is fixed at 176.6 kW with T, =

5°C; T, =37.7°C.

For a comprehensive analysis, we now use the Second Law for the flow process

2s  to calculate the work and Irreversibility for various components of the entire

cycle. The state points used in the analysis are shown in Table [0] The data

in this table comes from the EES model shown in Figure [5| for 7. = 0 °C,
T. = 50 °C, Qpoiter = +447.7KW QabS@»?AQ.BkW, and Q. = —281.1kW;
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and for the case when T, = 5 °C, T, = 37.7 °C, Qpoiler = @.WCW, Qaps =
—304.9kW, and Q. = —278.8kW for the same reflux ratio (0.5) and evaporator
load (Q. = 176.6kW) as shown in Figure |7} Note that although the evaporator
load was kept the same as in Figure[5|(176.6 kW), the condenser load computed
in EES in the latter case came out to be —278.8 kW, slightly different from the
—281.1 kW stipulated in the previous case. The work necessary to drive the
heat pump in these two cases is calculated using the Second Law analysis for
the flow system.

The application of Equation to the data in Table |§| enables the calcula-
tion of the minimum and actual work produced by the thermally-driven engine
to drive the heat pump. The values for the two cases tabulated in Table
show consistent agreement with the availability analysis data shown in Table
albeit with the adjustment of the condenser load for the case with T, = 5 °C};
T. = 37.7°C.

The performance metrics of the thermally-driven engine summarized in Ta-
ble display the amount of energy required by the boiler to meet the re-
frigeration load for the specified evaporator and condenser temperatures. The
thermally-driven engine must convert thermal energy to the mechanical energy
required to drive the heat pump. However, this conversion comes at the cost of
discarding approximately two-thirds of the input energy out into the environ-
ment, similar to the conversion of thermal energy to electrical energy in a typical
power plant. This discarded thermal energy has to express itself somewhere in
the engine-heat pump cycle. Other than parasitic losses, the two places for en-
ergy rejection are the condenser and the absorber. A natural consequence of
the thermally-driven engine producing the required mechanical work to drive a
heat pump is the rejection of large amounts of heat through the condenser and
the absorber. A second consequence is more cyclic Irreversibility due to ther-
mal transfers, which must be overcome by the engine through producing the
necessary extra work output. Characteristically, a major portion of the work
produced by the thermally-driven engine is consumed to overcome cyclic inef-

ficiencies. Substantial heat dissipation is an innate characteristic of thermally-
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Table 9: State points from simulation in EES for the thermally-driven engine for two sets of

evaporator and condenser conditions

Thermally-driven engine with heat pump operating between T, = @; T. =50 °C;
Quoiter = +44T7.7TEW; Qups = —349.5kW; Q. = —281.1kW; reflux ratio = 0.5

State Point | Temperature | Pressure | Enthalpy Entropy Mass flow rate

(°C) (bar) kJ kgt | kJ kg™t K1 kg-s—!

1 50 20.26 237.6 0.8178 0.1641

2 0 0.5018 1308 5.795 0.1641

3 50 0.5018 138.7 2.9458

4 50 20.26 141.2 2.9458

5 185.6 20.26 731.8 2.9458 2.264

6 199.2 20.26 820.8 2.7817 2.379

7 55 0.5018 195.4 2.7817

8 74.3 20.26 1380 0.2461 4.323

9 50 20.26 237.6 0.0820 0.8211

Thermally-driven engine with heat pump operating between T, =5 °C'; T, = 37.7 °C};
Qpoiler = +405.6kW; Qups = —304.9kW; Q. = —278.8kW; reflux ratio = 0.5

1 37.7 14.51 175.9 0.0.6262 0.15389
2 4.984 0.6923 1317 5.672 0.1539
3 37.7 0.6923 27.38 1.40167
4 37.7 14.51 29.15 1.40167
5) 146.9 14.51 521.2 1.886 1.40167
6 170.1 14.51 665.4 2.11 1.24778
7 42.7 0.6923 112.7 1.24778
8 65.64 14.51 1384 4.473 0.23083
9 37.7 14.51 175.9 0.6262 0.76944
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driven systems that must produce mechanical work to drive a connected cyclic

system like a heat pump.

4.4. Some Peculiarities of the Thermally-Driven Sorption Engine

Here we consider the effect of the reflux ratio and the evaporator temperature
to illustrate some of the thermally-driven system’s sensitivities in absorption
systems as shown in the EES model. The main purpose of the reflux is to
ensure that the output from the distillation column provides the proper level of
ammonia purity for the solution that circulates in the heat pump portion of the
cycle. Higher reflux ratios tend to favor higher ammonia purity going to the
condenser. The increase in reflux ratio leads to an increase in the heat duty of

the boiler as shown in Figure

500

450] ]

Uboiler [kW]
~
e

350+ 1

300 1 L L L
0 0.2 0.4 0.6 0.8 1
Reflux [-]

Figure 8: The effect of the reflux ratio on boiler heat input. The refrigeration load is fixed at

176.6 kW, with T, =5 °C; T. = 37.7 °C.

The effect of temperature lift on pump energy is significant. At the high
temperature lift of 50 °C', the pump work is 7.24 kW; whereas at the lower lift
of 32.7 °C, the pump work is 2.48 kW (Table at a constant refrigeration
load of 175.6 kW. This is because the solution mass flow rate is higher in the
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former case than in the latter (Table @ Therefore, pump selection over a wide
range of flow rates is important for the thermally-driven engine.

The variation of ammonia purity entering the evaporator has a dramatic ef-
fect on performance, as illustrated for three typical values of evaporator pressure
in Figure[)] As we move slightly away from pure ammonia, to about 99% ammo-
nia purity, there is a drastic increase in the minimum evaporator temperature
for the evaporator to work properly. This implies that the ambient temperature
cannot go below the temperature corresponding to the specific purity and pres-
sure. The plot highlights the severe limitation that ammonia purity imposes on
evaporator operation and performance. A slight deviation from pure ammonia
has a very large penalty on the ability of the evaporator to function. The net

result is low cooling and heating COPs.

30
g
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f_’ 60
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o 40
T
[}
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& 20
=
g
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o
§ -40
0.94 0.96 0.98 1

X, Ammonia mass fraction

Figure 9: Limitations of evaporator temperature caused by varying ammonia purity.

5. Discussion

This paper has highlighted and compared essential features of the electrically-

driven and thermally-driven engines used to drive heat pumps for refrigeration
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and heating applications. The approach is comprehensive, invoking both First
and Second Laws of thermodynamics to understand the nature of, and to quan-
tify, the inherent “Lost Work” in both types of engines. We investigated the
obvious question: Which of the two engines presents a better choice for driving
a heat pump? In this quest, we exhaustively apply the Second Law of Thermo-
dynamics to make our conclusions about the two engines.

The choice of an engine for driving the heat pump depends on whether the
goal is to (1) provide refrigeration or thermal energy for a space or (2) provide
water heating. We fix the refrigeration load between predetermined condenser
and evaporator temperatures to provide a common basis for analysis. We show
explicitly in Table [6] that a compressor with = 0.7 has a COP. = 3.10 and con-
sumes 172 kW at the source. Higher compressor efficiencies have higher COP,
and consume even less energy at the source. In comparison, the thermally-
driven heat pump providing the same refrigeration load, at the same condenser
and evaporator temperatures, has a COP. = 0.386 and consumes 447.7 kW at
the source. Since the burden of energy consumption, environmental pollution,
and green hou@s emissions is eventually traced to the source, the thermally-
driven heat pump is most likely not a viable candidate for refrigeration unless
there are copious amounts of solar energy or waste heat available at an ac-
ceptable temperature to drive the engine that would otherwise be discarded
anyway. The electrically-driven engine fulfills its refrigerant load and discards
far less energy in the condenser.

The basis for comparison is the same when considering a heating appli-
cation (i.e., fixed refrigeration load, evaporator temperature, and condenser
temperature). Table |§| indicates that for the electrically-driven heat pump the
heating provided is —232.42 kW (through the condenser only) at a heating
COP, = 4.10, with a source energy consumption of 172 kW assuming that
n = 0.7. The ratio of heating to source energy consumption is then 1.36 to
1. The thermally-driven heat pump, on the other hand, has a COP;, = 1.386,
provides 630.6 kW (through the condenser and the absorber), while consuming

469.65 kW at source. The ratio of heat delivered to source energy consumption
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is 1.34 to 1, no better than its competition.

A thermally-driven engine has additional operational burden to ensure that
it can fulfill the power requirements to drive the heat pump. In the case of
the absorption system, refrigerant purity, reflux ratio, and their impacts on
pump power and evaporator performance are significant. A small deteriora-
tion in refrigerant purity can have a large adverse effect on the overall system
performance. The electrically-driven engine and heat pump do not suffer from
these problems. Overall, the electrically-driven engine is more compact and ro-
bust, whereas the thermally-driven system is prone to fluctuations which may
significantly alter its performance.

Availability analysis on generic representations for both systems represented
in Figures[d]and[f]yield the minimum, actual work, and systemic Irreversibilities,
as tabulated in Tables [3] and [8] The total Irreversibility of the electrically-
driven and thermally-driven heat pumps are 22.7 kW and 67.89 kW, respectively
(n = 0.7). The availability analysis is confirmed by considering the consistent
values for work and Irreversibility for the steady-state flow configurations, as
documented in Tables [] and [I0] respectively.

The conversion of heat to electricity in an electric power generation plant is
about 33% efficient, with the remainder of heat discarded to the ambient air.
The electricity generated to drive the compressor is high quality and should be
used for refrigeration, not for producing heat. The reason is that if heat is used
to generate electricity, and then if that electricity is used to generate heat, we
are degrading a very useful form of energy (electricity) to a less useful form
(heat), which is not a wise choice. This is an argument against using resistance
heat as an example. On the other hand, if heating is the sole objective, then
from the point of view of energy conservation and sustainability, the best heat
source would be solar or some other thermal source that is discarded anyway
as a by-product of a process. Heat pumps require mechanical work. If this
work is produced by burning natural gas as in a thermally-driven engine, the
conversion of heat to work must discard approximately two-thirds as waste

heat. In a power plant this heat is discarded to the ambient air. In the case
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of the thermally-driven engine it is expressed as heat discarded in the absorber
and the condenser. That is why the thermal loads of the condenser and the
absorber are so much higher for the same evaporator load as compared to the
electrically-driven system. These observations are also reflected by Ziegler [12]
in that the waste heat of an absorption chiller will always be larger than that
of a compression chiller for a given cooling load. He goes on to say, “It can
be expected that there are significant improvements in the efficiency of power
plants and compression cooling systems: consequently we find that sorption
technology must improve its performance considerably also in order to stay
competitive” ([12]). The inherent higher Irreversibilities in the thermally-driven
system is a thermodynamic fact. The net result is larger equipment sizes and
a high dependence of these engines on environmental conditions to deliver the
necessary power to drive heat pumps efficiently. In the specific case shown in
Table 469.65 kW is consumed at the source to provide 105.4 kW of useful
work, representing a conversion efficiency of 22%, not as efficient as a modern
power plant. Thermally-driven engines are not industrious converters of heat
to mechanical work. They are an option when heat is freely or readily available

or fuel switching is unfavorable.
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