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When optimizing the performance of complex systems, a logical area for concern is im-
proving the efficiency of useful energy. The energy available for a system to perform work is
defined as a system’s exergy content. Interactions between a system’s subsystems and the sur-
rounding environment can be accounted for by understanding various subsystem exergy effi-
ciencies. Exergy balance of reactants and products, and enthalpies and entropies, can be used
to represent a chemical process. Heat transfer exergy represents heat loads, and flow exergy
represents system flows and filters. These elements allow for a system level exergy balance.
The exergy balance equations are developed for the subsystems of the Environmental Control
and Life Support (ECLS) system aboard the International Space Station (ISS). The use of
these equations with system information would allow for the calculation of the exergy
efficiency of the system, enabling comparisons of the ISS ECLS system to other systems as
well as allows for an integrated systems analysis for sytem optimization.

Nomenclature

o = transfer coefficient

At = change in time [s]

AX = change in exergy [J]

n = efficiency

nA = anode activation overpotential [V]

nec = cathode activation overpotential [V]

n = overpotential due to interfacial resistance [V]
Nspe = overpotential due to electrolyte membrane [V]
F = Faraday’s Constant [96485 C/mol]

h = specific enthalpy [J/kg]

H; = Hydrogen

H,0 = Water

i = current density [A/m?]

in0 = anode exchange current density [A/m?]
ico - cathode exchange current density [A/m?]
I = total current [A]

Lg = membrane thickness [m]

m = mass flow rate [kg/s]

N = molar flow rate [mol/s]

NIV = Nitrogen Isolation Valve

Ve- = stoichiometric coefficient of electrons
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Oxygen Isolation Valve

OPEN = discrete valve position (1 open, 0 closed)
0O, = oxygen

P = pressure [Pa]

Q = heat transfer [J]

Q = quality (% air)

Q = heat transfer rate [W]

R = gas constant (8.314 kJ/kmol-K)

R = interfacial resistance [Q]

S = entropy [J/kg-K]

Sep = separator

Os = electrolyte conductivity [1/Q-m]

T = temperature

\ = overall cell potential for electrolyzer [V]
Vo = Nernst Potential [V]

Vol = volume [m?]

W = work [J]

W = power [W]

WRM = water recovery and management

X = exergy [J]

X = rate of exergy transfer associated with flow [W]
Xes = rate of exergy destroyed [W]

I. Introduction

HE subsystems that make up the Environmental Control and Life Support (ECLS) system aboard the International

Space Station (ISS) perform multiple functions. Cabin atmospheric regulation and revitalization, waste gas re-
moval, oxygen generation, temperature and humidity control, urine processing, and water recovery are a mere handful
of system processes that may be broken down and analyzed individually. The maximum work output attainable by
each subsystem in relation to the dead state (i.e., reference state) of a specified operating environment may be ex-
pressed as a particular subsystem’s exergy. For the purposes of this study, exergy may be thought of as a “common
currency” for a system to perform work. Exergy provides a system-wide attribute that can be used to measure perfor-
mance of all subsystems, and relates subsystem products (outputs) to subsystem reactants (inputs).! An exergy balance
describes the process that reactants and products undergo related to their enthalpies and entropies. Forms of exergy
examined in this paper include heat transfer exergy, fluid flow exergy, and electrical work exergy. In this paper the
exergy balance equation incorporating an exergy analysis of all subsystems of the ECLS is developed. These balances
can be used to determine the efficiency of the system as a whole.

I1. Overview of ECLS for Purposes Beyond Low Earth Orbit
As crewed space exploration

objectives expand beyond low- Control Atmosphere Condition & Revitalize

Earth orbit, the ECLS system must Composition Cabin Atmosphere LTSS R e
safely enable nearly autonomous
missions within an energy and re-

i h + O, generation + CO;removal & handling + Collect wastewater
source efficient architecture. The . Cabin pressure control + Trace contaminant + Collect urine
ECLS systems of the future mustbe  « 0,/N; storage & conirol « Recover water from wrine
capable of operating for 500 to distribution + Particulate matter « Puiify water
1200 days with no Earth-based lo-  * Positive & negative =T + Store & distribute potable
gistics resupply and be highly relia- ~ pressure relicf * CO; reduction water
ble and maintainable. The ECLS * Monitor & control * Control cabin * Monitor water quality

’ composition temperature

systems of the future, however, will « Control cabin humiditv
possess many functional similari- « Ventilate cabin ’

ties to the system deployed aboard

the ISS; therefore, studying the ISS  Figure 1. Functions provided by the ECLS system.
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ECLS system provides important insight. The principal functions that ECLS systems must provide for long duration
missions are presented by Fig. 1.

The interfaces between these functions, illustrated by Fig. 2, will likely be common between the ISS and explora-
tion missions. As such, the ISS ECLS not only serves as the technical basis for exploration ECLS system architectures,
but also serves as a unique developmental laboratory to test candidate technologies and system performance evaluation
techniques that can help improve the ECLS system design over the ISS state-of-the-art. Applying exergy metrics to
ECLS systems, using the ISS ECLS system architecture as the starting model, may yield a new tool for optimizing the
system beyond the traditional mass, power, and volume objectives.
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Figure 2. Functional interactions within an ECLS system architecture.

I11. Background

A. Exergy

Exergy, a measure of work potential, is derived from the first and second laws of thermodynamics. The first law
of thermodynamics states that there is a constant quantity of energy in the universe and asserts that energy is neither
created nor destroyed but may be transformed. Thus the first law, a law of conservation, allows the engineer to track
energy through a process. The second law of thermodynamics is concerned with the degradation of energy during a
process. The relationship between first and second law analyses is seen in Fig. 3. Entropy generation and the lost
ability to perform work suggest that the energy efficiency of a system may be improved.2

Corresponding to exergy, the maximum useful work that can be produced as a system performs a process between
two specified states is identified as reversible
work. In the case of reversible work, a system First Law Analysis
can rejuvenate itself to its original state in an im-
promptu fashion. This phenomenon does not oc- Usable Energy
cur in nature as real processes are irreversible.
Additional energy is required to overcome .
losses and restore a system to its initial regime, Second Law Anlysns I rsibl
and entropy is generated. Usable Energy X4 SR

Many different fields have shown that there Energy

is much value to be gained by studying how ex-  Figure 3. First and second laws of thermodynamics.
ergy across a particular system changes through
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process. Production processes of many kinds can be modeled using exergy principles to describe resource and waste
energy.® These principles may be useful for other studies such as evaluating costs of different forms of energy* such
as power generation,>® and for studies of hypersonic aircraft.'® Camberos and Moorhouse have shown the use of
exergy as a metric for modeling, constructing, and modification of aerospace vehicles.!! Doty, et al., has applied
exergy to the early stages of turbine design enhancement.*? The work in this paper is in association with the NASA
Systems Engineering Research Consortium. In previous work, the consortium has examined the use of exergy metrics
in rocket systems.'3* This previous work has shown an improved understanding of efficiencies when dealing with
complex engineered systems. Future work with rocket systems will be examining the use of exergy in the optimization
of rocket staging.

B. Exergy Balance

The general exergy rate balance for an open system, or control volume, is shown in Eq. 1.

ax T, . ; dvol ; . . ’

E = Zl( - T_(z) Qi + (M/m - PO 7 - Wout) + Zimlpin - Zimlpout - Xdes (1)
On the right hand side of Eq. 1, T, represents the temperature of an environment, Q is the rate of heat transfer in and
out, W is power in and out, P is the pressure of the environment, Vol is the volume of the initial and final states, and
1y represents a rate of exergy transfer by the fluid shown in Eq. 2. The exergy transfer rates are associated with either
mass flow into the system, mass flow out of the system, or exergy destruction associated with irreversibility in the

system. For the ECLS system, the cabin is taken as the reference environment unless otherwise stated.
V2
Y=h—-Tos+—+gz (2)

On the right hand side of Eqg. 2, h is the enthalpy of the fluid stream, Ty is the reference temperature (i.e., cabin
temperature), s is the entropy of the fluid stream, v is the velocity of the fluid stream, g is the gravitational constant
(at the reference orbit altitude), and z is the change in height.

The left hand side of Eq. 1 represents the exergy stored within the system. Under steady state operation, this storage
term, and the change in system volume with time, are eliminated. This condition gives the following steady state
exergy balance for an open system.

Xdes = Zi (1 - ;_(i) Qi + (Win - Wout) + Zimwin - Zimlpout (3)

For a real system operating in the presence of irreversibility this exergy destruction will be positive. Eq. 3 indicates
that under steady state operation the rate of exergy destroyed is balanced by the exergy transferred through work, heat
transfer, and fluid flow. Under a limited set of inlet and exit conditions, an ideal case may be constructed such that the
right hand side of the equation yields Xges = 0. This condition is associated with reversible operation of the system.

C. Exergy Efficiency

Under ideal, reversible operation no exergy is destroyed. The exergy balance in Eq. 3 can be recast to define the
reverisble power production, Eq. 4. Here it is important to note that this reversible power is treated as a net power out
of the system.

Wrey = X ( - %) Qi + Xt — Xy oy 4)

Comparing the actual power produced in the presence of exergy destruction to reversible power production pro-
vides a means for defining the system exergy efficiency. The overall exergy efficiency for any system is given by Eq.
5.

_ Exergy Recovered __ Exergy Destroyed
Nexergy = - (5)

Exergy Expended - Exergy Expended

In Eq. 5, Wacwal is associated with exergy that is effectively used by the real system to generate power and Xges is
associated with the loss term observed in the exergy balance equation. As defined in Eq. 4, the reversible power
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represents the maximum attainable power for a given set of environmental conditions, which corresponds to the ab-
sence of irreversibility during operation. The exergy efficiency equation allows for the ranking of the various subsys-
tems from most thermodynamically efficient to least thermodynamically efficient. The system-wide metric of exergy
efficiency is applicable to all engineering disciplines. For a given system analyzed on a rate basis, the maximum
exergy efficiency corresponds to the minimum exergy destruction rate.

The ECLS system aboard the ISS is composed of various subsystems that perform functions such as atmospheric
revitalization, waste management, and temperature and humidity control.*® This paper will develop the exergy balance
equations for the following subsystems—Atmosphere Control and Supply (ACS), Atmosphere Revitalization (AR),
Temperature and Humidity Control (THC), and Waste Recovery and Management (WRM). The objectives for this
work are to simplify known exergy equations used to model the subsystems and add the product and reactant terms
for the chemical processes. When performing this process, it will be important to note that for a serial string of pro-
cessing stages, the intermittent values cancel whereby the output of one stage is the input to the next stage. Thus, the
input to the subsystem and the output of the subsystem will be known with intermediate steps cancelling. To under-
stand the interactions in the subsystem, a model incorporating exergy is created in Matlab®. The Matlab® models
enable future analysis of the subsystems with real-world data in terms of efficiency and enable optimization of the
subsystem in future work. The following presents the exergy models developed for the ISS ECLS system.

IV. Exergy Analysis of ECLS Subsystems

This paper first presents a detailed examination of an assembly within the AR subsystem to illustrate the detailed
process for developing exergy models. This assembly, the Oxygen Generation Assembly (OGA), is highly detailed to
provide the logical flow used in forming the exergy balances for the other subsystems examined. Following the de-
tailed treatment of the OGA, each ECLS subsystem is described and their exergy balance equations are developed.

A. Exergy Analysis of the Oxygen Generation Assembly
The OGA is an assembly within the ARS. Equation 6 demonstrates the exergy relationships involved for the
OGA.

XDes,OGA = Welectrolyzer — Mp2,02 Sep (hOZ,out - cabinSOZ,out) — My2,H2 Sep(hHZ,out - cabinSHZ,out)

(6)

+mH20,WRM(hH20,WRM — LcabinSH20,WRM

The term on the left hand side of the equation

Electrical

represents the rate of exergy destruction Power

throughout electrolysis. The first term on the H,0

right hand side of the equation represents the

power input from the water electrolyzer. The /L
second term represents the enthalpy-entropy O+ 10 2
difference of oxygen (O2) multiplied by the ox- H,0 -
ygen mass flow rate out of the O, separator. The ‘ Water Elecrolyzet s S
third term represent the enthalpy-entropy dif- — ()=
ference of hydrogen (Hz) multiplied by the hy- \‘I/
drogen mass flow rate out of the H, separator.

The fourth term represents the enthalpy-entropy H,0
difference of water multiplied by the mass flow
rate of water entering the electrolyzer.

A simplified schematic of the OGA is shown in Fig. 4. Water enters the assembly from the ISS potable
water bus through the Water Assembly On-orbit Replacement Unit (ORU). An Inlet Deionizing (DI) Bed serves
as an iodine remover and as a coalescer for the removal of gas bubbles from the feed water. Should gas bubbles
be detected past the DI bed by a downstream gas sensor, a three-way valve sends the feed water to a waste
water bus. This prevents any O, that may be present in the feed water from mixing with any H,. Electrolysis
takes place in a Hydrogen Dome ORU where water molecules are disassociated into O, and H; gas. A Rotary
Separator Accumulator (RSA) is also located within the hydrogen dome. The RSA removes H; that leaves the
cathode from water which is recirculated by a positive displacement pump ORU. The removed H; is then sent
to a Sabatier-based carbon dioxide (CO;) reduction process or is vented to space. The Power Supply Module
(PSM) ORU powers the OGA electrolysis cell stack providing 10-55 amps of current during process mode, and
1.0 amps during standby mode which produces a 2% O, rate. This power supply allows for a nominal O;

Figure 4. Simplified OGA process schematic.
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production rate of 5.4 kg/day which is enough to support four crewmembers. A maximum oxygen production
rate of 9.2 kg/day may be achieved which provides enough oxygen to sustain seven crewmembers.'®

A goal for conducting thermodynamic analysis of O, and H; generating electrolyzers is to identify key losses so
that system performance may be optimized. Water electrolyzers run in an exothermic mode. Heat production that
occurs within the electrolytic cells is caused by irreversible losses. These losses stem from overpotentials which exceed
the thermal energy demand. If electrical energy is the dominant energy input, exergy efficiency will be almost identical
to the system’s energy efficiency. Meng et.al has identified parameters that would improve the exergy efficiency of
water electrolyzers including reducing and controlling operating temperature, increasing current density, increasing
electrolyte thickness, and decreasing electrode catalytic activity.'’

Valverde et al.*® proposed a simple model for low-pressure water electrolyzers. The model provides enough
precision for simulation of electrolchemical and thermal output flow behaviors. Choi et al. performed water
electrolysis analysis using a simple model based on Butler-Volmer kinetics for electrodes and transport resistance in
polymer electrolyte. The model demonstrates the behavior of applied thermal voltage and current density in terms of
Nernst potential, exchange current desities, and polymer elctrolyte conductivity. Analyzed with in the model are
overpotential and resistances at the anode and cathode, as well as overpotential due to ohmic losses.®

During electrolysis, water and O, escape from the anode of the electrolytic cell, and H, is produced from the cell’s
cathode. Their corrsponding mass balances are written as follows:
iA

NHZU,I’H - NHZO, out = ; (7)
. . iA
Nuzin- Nuz our = — ;—F (8)
(A
- - L

Nozin- Noz out = — i 9)
The overall electrochemical reaction at the anode may be obtained by encorporating the Butler-Volmer expression:®

. , apVe— —Fn (1-ag)ve_Fn
i = polexp (“RER) — exp (- HATEA)] (10)

If the effective transfer coefficient is assumed to be 0.5, and the stoichiometric coefficient of electrons in the anode is
assumed to be 2, then the anode overpotential takes the form as follows:

BT cinh1
Na=— sinh (ZiAo) (11)
If the effective transfer coefficient, aa, is assumed to be 0.5, but now the stoichiometric coefficient of electrons in the
cathode is assumed to be -2, then the cathode overpotential takes the form as follows:
RT . . _ i
ne = —-sinh 1(&) (12)
For determination of the electrochemical potential of the electrolysis cell the Nernst potential, anode overpotential,

cathode overpotential, overpotential due to membrane, and interfacial overpotential due to resistance must be deter-
mined. The overall cell potential takes the following form:

V =Vo+ na—nc + nsee + N (13)
The Nernst potential is empirically given as:
Vo =1.23— 0.9E-3(T — 298) + 2.3 % log(Pr2?Po2) (14)
Overpotential due to membrane resistance is given as follows:
NspE = ((L,_i) i (15)

Interfacial overpotential is calculated as follows:

n = R| | (16)
Here, R, is the interfacial resistance of the electrolyzer and I is the total applied current. Once the overall
required cell potential is determined, the required power is obtained:

We|e = VI (17)
After defining the required power required for electrolysis, the rate of exergy destroyed by the oxygen genera-
tion process may be determined as follows:

Xoes,064 = Were — Mo2,02 Sep(hoz,out - cabinSOZ,out) — MHu2,H2 Sep(hHZ,out - cabinSHZ,out) (18)

+mH20.WRM(hH20.WRM - TcahinSHZO.WRM)

6

American Institute of Aeronautics and Astronautics



B. Exergy Analysis of the Atmosphere Revitalization Subsystem

The ARS removes CO; and other trace gases produced by crewmembers and equipment offgassing that are
potentially harmful to their health. The ARS also monitors the space station’s atmosphere for major constitu-
ents—Oy, N, CO,, methane (CH4), and water vapor. The major assemblies within the ARS are the Carbon
Dioxide Removal Assembly (CDRA), the Oxygen Generation Assembly (OGA), the Trace Contaminant Con-
trol Subassembly (TCCS), and the Major Constituent Analyzer (MCA).

1. Carbon Dioxide Removal Assembly

The CDRA is a 4-bed molecular sieve (4BMS) process which removes CO, from the cabin atmosphere via ad-
sorption using two zeolite 5A molecular sieve pellet beds. The two beds operate in cycles allowing one bed to regen-
erate by desorption of CO, while the other bed cycles through a CO; adsorption process. This provides continuous
operation for the removal of CO,. Water vapor is first adsorbed from the inlet gases onto beds of zeolite 13X and silica
gel. The inlet duct to the CDRA interfaces downstream of a condensing heat exchanger where moisture is removed
from the cabin atmosphere by condensation. Here, bulk moisture is removed, reducing the water load presented to the
desiccant beds in the CDRA. Components within the CDRA include desiccant beds/CO, adsorbent beds, air selector
and check valves, a pre-cooler, blower assembly, and an air save bump.?’ The CDRA process may be analyzed holis-
tically from an exergy perspective as follows:

Xdes,4BMS = WCOZ Valve Switches + WCOZ sensors/electronics — [mair,desiccantz out(hair,desiccant out —
VZ
TeabinSair desiccant out) — Mair.corA in(Rair.cora in — TeavinSair,cora in) — Mdeposit H20 (%) -
. Vii20,coRa2 i Tcabin ¢
Mdeposit2 ,H20 (T)] . + [WCDRA Blower ~— (1 T )QCDRA Blower] +
desiccants Blower Blower (19)

+

2
Vcoz,cpra

_ Tcabin—Tcoolant J
mdeposit ,C02 Sorbent 2

Tcoolant

)] CO02 Adsorptions

) QCDRA precooler] + [
precooler

A Tcapin r 3
OPENs [WAS pump — (1 - Tas Pump)QAS pump — Mair,Sorbent out (hair,AS Pump out —

Tcabinsair,AS Pump out) - (hair,AS Pumpin — cabinSair,AS Pump in))] + [WCOZ Sorbent Heater ~—
Air Save

OPENCOZ Ventmdeposit,COZ release(hair,COZ release — Tcabinsair,COZ release)]co2 desorption

2. Oxygen Generation Assembly

The exergy analysis of the OGA was discussed previously in Section B.

3. Trace Contaminant Control Subassembly

The TCCS removes and disposes of gaseous contaminants. It is composed of a charcoal bed, flow meter, blower,
catalytic oxidizer, and a sorbent bed. The charcoal bed contains a disposable activated carbon for removing compounds
with larger molecular weights. The blower within the TCCS controls system airflow, and is designed similar to the
blower in the CDRA. The catalytic oxidizer assembly contains palladium (Pd) on an alumina (Al,Os) catalyst which
converts carbon monoxide (CO), CHa, H,, and other compounds with low molecular weights that the charcoal bed is
unable to absorb into CO,, water, and other acceptable compounds. The sorbent bed contains granular lithium hydrox-
ide (LiOH) to remove any undesirable acidic byproducts of catalytic oxidation such as hydrogen chloride (HCI), chlo-
rine (Cly), fluorine (F,), nitrogen dioxide (NO2), and sulfur dioxide (S0O).2° The TCCS is analyzed from an exergy
perspective as follows:

2 2 2
Vair,CB out air,CB in 14

[ = |n —artnowt ' v 3 air,CB in
Xdes,rccs = [mair,TCCS B~ 5 T Mrccs deposit filter ( 5 ) —Mairrccsin™ 5, |t
CcB

A T;'abm 2 .
[Wrccs Blower — (1 T Thtower Qrccs Blower — MairTccs cB (hair,chs Blower out —
ower

Tcabinsair,TCCS Blower out) - (hair,TCCS Blower in — Tcabinsair,TCCS Blower m))] +
Blower (20)

. . thir TCCS heater
{[mair,TCCS vion (Rairrccs Lion — TeabinSairrecs Lion) + Miion deposit (—2 +
LiOH

[WHTCO heater — mair,blower HTCO (hair,TCCS Blower out — cabinsair,TCCS Blower out) heater
[_mair,blower orifice (hair,TCCS orifice out — cabinSair,TCCS orificeout) —
mair,blower orifice (hair,TCCS Blower out ~— Tcabinsair,TCCS Blower out)]orifice}..mM
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4. Major Constituent Analyzer

The MCA functions by drawing samples past a single-focusing magnetic sector mass spectrometer where
drawn gas molecules are ionized by an ion source. The ionized molecules are then accelerated by an electron
field and move into a shaped magnetic field where they may be dispersed by molecular weight. Dispersed ion
beams are then focused into Faraday current collectors by resolving slits. Collected currents are proportional
to partial pressures. Molecules that are not collected are absorbed by an ion pump. Air that is not able to enter
the mass spectrometer is delivered to the ARS rack by pump.2° Exergy destroyed from the MCA is modeled as
follows:

Xdes,Mca= [WMCA MS — (hair,MCA MSvent — Tspacesair,MCA MCA vent) + (hair,MCA MSin —

A i‘cabm F
Tcabinsair,MCA MS i")]MCA Ms + [WMCA pump — (1 - QGC pump

TBiower
MairMca pump in ((hair,MCA pump out — Tcabinsair,MCA pump out) - (hair,MCA pumpin — (21)
Tcabinsair,MCA pump m))] + WMCA heater + [Pcabin(VOIair Tank Pres — VOlcabin Pres) -
MCA pump

AX

Teatin(Sa = Saircasin) 1
cabin\”air Tank Pres air,cabin Atvea

C. Exergy Analysis of the Atmosphere Control and Supply System

The ACS subsystem performs multiple functions such as cabin pressure control, atmospheric composition
control, O,/N; partial pressure control, provides over- and under-pressure relief of any particular module, pro-
vides the ability to evacuate the atmosphere of any individual module, manual pressure equalization capability
at module interfaces, and allows for internal distribution of O, and N3 to ISS systems, crew, and payload inter-
faces at desired temperatures, pressures and flow rates. The ACS subsystem consists of the following compo-
nents that are analyzed from an exergy perspective: pressure control assembly (PCA), O, and N storage and
distribution, manual pressure equalization valve (MPEV), N, interface assembly (NIA), and airlock air save
pump package.?’ The ACS subsystem as a whole may be analyzed from an exergy perspective as follows:

Xdes,acs= [(Pcabin(VOIOZ Tank Pres — VOlcabin Pres) - Tcabin(soz Tank Pres — sair,cabin)) +
aAX

(Pcabin(VOINZ Tank Pres — VOlcabin Pres) - Tcabin (SNZ Tank Pres — Sair,cabin))] I.S‘torage

. V2, . . . V2, . . .
{[moz ( 022 'm> + Wor + 1z < sz 'm> + WNIV]RV + [moz ((hoz,in = Raircavin) = Teavin(Sozin =

(22)

sair,cabin)) + mNZ ((hNZ,in - hair,cabin) - Tcabin(SNZ,in - Sair,cabin))]Mix Diff}

Equalization

{[OPENMPEV (mair,MPEV(hair,cabinl - hair,cabin balance))]
[OPENVRIVOPENVRCV Mair VRV (hair,cabin - hair,sapce) - Tspace (sair,cabin - Sair,space) +

Vtzlir vent A A A
— | T Wyriwy + Wyger + Wkiec standby
Vent” pres Reg

1. Pressure Control Assembly

The PCA controls and monitors the total pressure within the module by controlling oxygen and nitrogen partial
pressures. The PCA allows for controlled venting to space of on board gasses, and provides controlled re-pressuriza-
tion capability. The first component analyzed from the PCA is the mixing diffuser. Exergy destroyed within the mixing
diffuser is defined by the changes in enthalpy, entropy, and kinetic energy. The mixing diffuser is fed by a mixing
chamber which allows for gases to enter the cabin.

2
; _ . Voz,01v
XDES?D/FFWER = Mp2 (hOZ,in - hair,cabin) - Tcabin (SOZ,in - sair,cabin) + 2

(23)
. VIZVZ,NIV
+mN2 (th,in - hair,cabin) - Tcabin(SNZ,in - Sair,cabin) +—
Gas flow through restrictors and interface valves contained within the PCA is next analyzed from an exergy perspec-
tive. Work performed when opening and closing restrictors and interface valves is a small change in kinetic energy,
and the electrical power supplied to actuate the valves.
8
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2 2 2 2
; . Vo2, Voz,01v A . VN2, VN2 Ny i
Xboes,Restricror = Mo2 (Tm - T + WOIV + mp2 Tm - T + WNIV (24)

Vent Relief Valves (VRV) may be similarly analyzed from an exergy perspective as follows:

XDES, VRV =OPENVRIVOPENVRCV (mair,VRV <(hai‘r,cabin - hai‘r,sapce) (25)

2

Vair vent i A
- Tspace(sair,cabin - Sair,space) + 2 + WVRIV + WVRCV

2. Oxygen and Nitrogen Storage and Distribution

The O, and N storage and distribution systems consist of storage tanks, interface valves, and distribution lines
which allow for controlled delivery of pressurized oxygen and nitrogen to required destinations within the spacecraft.
Exergy stored within the N, and O, storage tanks may be modeled as follows:

Xstored nitrogen = [(Pcabin (VOZNZ Tank Pres ~— VOlcabin Pres) - Tcabin (SNZ Tank Pres — Sair,cabin))]smrage (26)

Xstored oxygen = [(Pcabin(VOIOZ Tank Pres — VOanbin Pres) - Tcabin(soz Tank Pres — Sair,cabin))]Storage (27)

3. Manual Pressure Equalization Valve

The MPEVs, located in all hatches, are used when equalizing pressure in two adjacent pressurized modules. This
equalization is performed prior to opening the hatches that separate the modules. Other applications for MPEVS in-
clude collecting atmosphere samples from, and to measure pressure within a module prior to opening a hatch. The rate
of exergy destroyed when operating the MPEV occurs as follows:

XDESMPEV = OPENMPEV (mair,MPEV ((hair,cabinl - hai‘r,cabin balance))) (28)

4. Nitrogen Interface Assembly
The NIA is used to pressurize the accumulator as an interface to the Internal Thermal Control System (ITCS). The
rate of exergy destroyed for the accumulator within the NIA is as follows:

XDES»ACCUMULAT”R: mNZ,in(hNZ,in - TcabinsNZ,in) - mNZ,out(hNZ,out - TcabinsNZ,out) (29)

5. Airlock Air Save Pump Package
The airlock air save pump package reduces pressure in the entire airlock from 101.3 to 70.3 kPa for extravehicular
activity (EVA) campout prior to EVAs. The rate of exergy destroyed from operation of the air save pump is as follows:

TCabin -

. _ . . 30

XDes,Air Save — OPENAS [WAS pump ~ (1 - T QAS pump — Mair Sorbent out ((hair,AS Pump out ( )
Pump

- Tcabinsair,AS Pump out) - (hair,AS Pumpin — Tcabinsair,AS Pump in))]

D. Exergy Analysis of the Temperature and Humidity Control System

The THC system regulates the temperature and humidity levels within the atmosphere aboard the space station.
Internal factors within the space station such as heat metabolically generated by crewmembers and equipment gener-
ated heat cause temperature to rise. Crew respiration and perspiration allows for humidity levels to increase. The THC
system is set in place to regulate these internal factors. Components included within the THC system include the
Common Cabin Air Assembly (CCAA), the Avionics Air Assembly (AAA), and the intermodule ventilation system
(IMV). The CCAA provides temperature and humidity regulation for the cabin, the AAA provides cooled air and
ventilation needed for the Fire Detection System, and air flow and the removal of CO2 and trace contaminants is
provided by the IMV system to modules that do not have ARS or ACS equipment. Particulate filters rated to high
efficiency particulate air (HEPA) standards are included within the THC system to remove particulate matter and
microorganisms from the space station’s atmosphere.?°
1. Common Cabin Air Assembly

The CCAA consists of a fan assembly, condensing heat exchanger, and water separator for humidity regulation.
The fan assembly’s exergy rate balance equation is as follows:

Tcabin

Tran ) Qrhc Fan — Mair,fanout ((hair,THC Fan Out — (31)

Xdes,CCAA Fan = WTHC Fan — (1 -

Tcabinsair,THC Fan Out) - (hair,TBC Fanin — Tcabinsair,THC Fan in))
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The condensing heat exchanger is analyzed from an exergy perspective as follows:

XDES,CC‘{A CHY — kmd’ryair,fanout ((haiT,THC HXin — TcabinsaiT,THC HX En) - (hai'r,THC HX out —

Tmbinsair,THC HX out)) + kmwater,fanout ((hwater,THC HXin — Tmbinswater,THC HX in) - (32)
Teabin—Teoolant \ /
(hwater,THC HX out — Tmbinswater,THC HX out)) - ( T coolant QTHC TCS
coalan

where

mair,fanout = mdryair,fanout + mwater,fanout (33)
and
Mair,HX

k — atr, (34)

Mair,fanout

The CCAA’s water separator may be modeled from an exergy perspective as follows:

Y — YA A Tcabin- 7 .
Xdes e ws = Wiys erec + Wiys pump — 1- Tpump)QWS pump + kmwater,fanout(hwater,THC WwSin — (35)
Tcabinswater,THC ws in) — Myaterws out(hwater,THC WS out — cabinswater,THC ws out) -
MairWs out (hair,WS out — Tcabinsair,WS out)

where

”hair,WSout = qmwater,HXout = qkmwater,fanout (36)
and

Mwater, WSout = (1'Q)mwater,HXout = (1'Q)kmwater,fanout (37)

2. Avionics Air Assembly
The structures of the CCAA and the AAA are relatively similar. The AAA also contains a ventilation fan and a
condensing heat exchanger which have an exergy balance form as follows:

Teabin 7 0
1- QAAA Fan — Mair 44 fanout (hair,AAA Fan Out (38)

Xdes,AAA Fan = WAAA Fan — (
Tran

d TeabinSair.aaa Fan out) — (Rair.aa4 Fanin — TeabinSair.A44 Fan in))
an
ApEs.as4crx = Mair, 444 fanout ((hair,AAA ctixin — TeabinSair.aaacaxin) — (Mair.A44 cax ot — (39)

Teabin—T coolant

T capinSair, 444 CHX out)) - ( ) AAATCS

T coolant
3. Intermodule Ventilation

The IMV system uses a fan for air recirculation as well. The IMV system may be modeled from an exergy per-
spective as follows:
Tcabin

Tran ) QIMV Fan — mair,IMVfanout ((hair,lMV Fan Out ~—

Xdes,lMVFan = WIMVFan - (1 -
40
TeapinSair,imv Fan Out) - (hair,IMV Fanin — !cabinSair,IMV Fan in)) (40)
4. Particulate Matter Filtration
The particulate filters within the THC are analyzed from an exergy perspective as the changes in deposit mass
kinetic energy as follows:

(41)

V2 V2 V2
X e HEPAout _ "HEPAin )\ _ _- HEPA,in
pesHEPA = Majr HEPA 2 2 Mdeposit HEPA\ ™ 5,

E. Exergy Analysis of the Water Recovery and Management Subsystem

The purposes served by the WRM subsystem are to distribute potable water for crew utilization, and to collect
wastewater for processing. The system effectively monitors water quality, generates a potable water supply for both
consumption and for hygiene purposes, and processes wastewater and urine. Wastewater consists of condensate from
the THC system, hygiene return water, pretreated urine, and wastewater from the Extravehicular Mobility Unit.?° For
modelling the WRM subsystem from an exergy perspective, we analyze the urine processor assembly, water processor,

10
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condensate storage assembly, fuel-cell water storage tanks, wastewater vent assembly, electrical work performed by
the system, and water distribution network. Equation 41 describes the rate at which exergy is destroyed within the
WRM subsystem.

2
5 . VHZO urinal
Xoeswrm = || Mu20.urinat ((hHZO,u'rmal — R0 potable) = Teabin (SH20.urinal — SH20potable) + - T Z Nriger

Urine Processor

. H20,urinal
+ [ M0 urinal ((hHZO,u'rmaI filter — hHZO,potub[e) - Tmbm(SHZO,urmai filter — S'HZO,pomble) + 2 )

VZ
)+ H20,hygiene filter
2

)+V7) ] (42)

+ mHZO,hygiene (hHZO.hygiene filter — hHZD.pomb!e) - Trabm (SHZOJhygiene ﬁ!ter - SHZOJpobEe

+ mHQO.cabl'n ((hHZD.cab{'n filter — hHZD.patﬂbIe) - Tcab{'n(SHZ(].cabin - SHZO.thabIe 2

H20 Processor

+

VZ
. H20,processed
MH20.processed 2

storage

2
. VHZU vent Tcabm ;
- [mHZUJvmt ((hHZCI,v‘em - hHZU,po[:ab[e) - Tcabin(sHZO,vsm - SHZOJpotabIe) + 2 +11- T Qyzo
space vent

2
Viizo
. ,potable .
+ [mHZO.'pomble ( 2 + Welec
potable

F. Exergy Analysis of the Waste Management Subsystem

The Waste Management (WM) subsystem consists of commode and urinal, blower, piston, plenum filter, and
output filter. Cabin air is pulled through the commode seat to draw in feces through the waste canister. The blower
engages once the seat is lifted and operates for about thirty seconds after the seat lid is closed. The piston operates to
compress feces collected in a plastic collection bag placed in the waste canister. Canisters are replaced regularly, and
a filter lid is placed on the canister. Canisters are then stored for a return to Earth.?° The rate of Exergy destroyed
within the urinal and commode may be modeled as follows:

2
Y Vw'ine crew Tcabin
XdesWM: [mur'irle.cr'fw ((h'prftreatﬂlter - hHZO.poL‘ahfe) - Tcabin(Sprztreatfilter - SHZO.;JumhlE) + 2 +(1- T Qw‘ine
urine

] Urinal (43)

5 cabin | -
+ [mcommode,crew ((hcommode,crew - hcommode,mbin) - Tcabin(scmmode,crew - scommade,mbin)) + (1 - ) Qwaste]
waste

commode
The waste management blower may be modeled from an exergy perspective as follows:
g T 1 TCabin . (44)
XDES,WM Blower — WWM Blower — - T QWM Blower
Blower

— Mgir,WwM Blower out ((hair,WM Blower — TCabinsair,WM Blower out) - (hair,WM Blower in — lcabinSair, WM Blower m))

The rate of exergy destroyed by the waste management piston may be modeled as follows:

Xpzs s piston= Wwat piston — M piston ((UaiT,WM Piston — uair,cabin) +P capin(Volwn piston — (45)
Volcapin pressure) — Tcabin(sair,WM Piston — Sair,cabin))

The rate of exergy destroyed by the waste management plenum filter may be modeled as follows:

2 2
X — a3 . i Vv Plenum Filter out _ Vv Plenum Fitter,in
DES, WM PLENUMFILTER — Mair,WM Plenum Filter 2 2

2
44 B ) VWM Plenum Filter.in
mdepostt WM Plenum Filter P



(46)

The rate of exergy destroyed by the waste management output filter may be modeled as follows:

2 2
X — . . VWM ouput Filter,out VWM ouput Filter,in
DES,WM OUTPUTFILTER — mmr,WM ouput Filter ) - )

(47)

2
. 3 . Vivn ouput Filter.in
— Mdeposit ,WM ouput Filter 2

V. Discussion and Conclusion

The exergy balance equations developed herein illustrate the universal application of exergy to a diversity of sys-
tems. Systems ranging from waste management to oxygen generation are able to be modeled to determine their exergy
efficiency. With the correct inputs these equations can provide both system and subsystem efficiencies. This type of
analysis enables the system designer to identify areas of concern and where to allocate resources. Future work will
examine multiple versions of the ECLS system to determine the efficiencies of the designs. Furthermore the current
system will be analyzed using the equations formed in this paper to identify areas for improvement, a critical step in
advancing the ECLS system for interplanetary transport.
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