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8 Abstract: Traditional high pressure mechanical compressors account for over half of the car station’s

9 cost, have insufficient reliability and are not feasible for a large-scale fuel cell market. An alternative
10 technology, employing a two-stage, hybrid system based on electrochemical and metal hydride
11 compression technologies, represents an excellent alternative to conventional compressors. The
12 high-pressure stage, operating at 100-875 bar, is based on a metal hydride thermal system. A techno-
13 economic analysis of the metal hydride system is presented and discussed. A model of the metal
14 hydride system was developed, integrating a lumped parameter mass and energy balance model
15 with an economic model. A novel metal hydride heat exchanger configuration is also presented,
16 based on mini-channel heat transfer systems, allowing for effective high-pressure compression.
17 Several metal hydrides were analyzed and screened, demonstrating that one selected material,
18 namely (Tio97Zr0.03)11Cr1.sMnog, is likely the best candidate material to be employed for high-pressure
19 compressors under the specific conditions. System efficiency and costs were assessed based on the
20 properties of currently available materials at industrial levels. Results show that the system can
21 reach pressures on the order of 875 bar with thermal power provided at approximately 150 °C. The
22 system cost is comparable with the current mechanical compressors and can be reduced in several
23 ways as discussed in the paper.

24 Keywords: High pressure hydrogen; Metal hydride-based high pressure compression; Techno-
25 economic analysis; Ti-based AB: metal hydrides; Mini-channel heat exchanger

26

27 1. Introduction

28 One of the main hurdles to be overcome for a large-scale hydrogen economy is relative to the Hz
29  delivery. The United States Department of Energy (DOE) has essentially identified three approaches
30 to transport and delivery hydrogen at large scale [1]. Each of the scenarios requires the presence of
31  high pressure hydrogen systems. Currently DOE set its fueling pressure targets at approximately 875
32 bar, with inlet hydrogen at about 100 bar, and with flow rates up to 100 kg/h [1]. Among the other
33 targets for hydrogen compression systems, DOE identified the uninstalled cost target for the FY 2020
34 at275,000 $, the energy requirement at 1.6 kWh/kg, availability equal to 85% and annual maintenance
35  cost equal to 4% of the uninstalled cost! [1]. Currently, mechanical compressors cannot achieve the
36  DOE targets and have several additional drawbacks working at the specified operating conditions.
37  Valid alternative processes are represented by hybrid systems comprised of electrochemical
38  compression (EHC) systems, operating at lower pressures (10-100 bar), integrated with thermal
39 compression systems, operating at pressures on the order of 100-875 bar. One of the main advantages
40  of a hybrid system over other alternative solutions is in the possibility of recovering the available
41  waste heat from the EHC to pressurize and discharge the hydrogen from the thermal compression
42 system, based on metal hydrides. The work presented here focuses on the high-pressure metal
43  hydride-based compression system. Metal hydride materials absorb hydrogen through an

! The targets are for: inlet pressure of 100 bar, hydrogen flow rate of 100 kg/h [1]
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44 exothermic chemical reaction and release the absorbed hydrogen reversibly, through an endothermic
45  chemical reaction. The chemical reaction equilibrium pressures are direct functions of the operating
46  temperatures. Therefore, hydrogen can be absorbed in the materials at low temperatures and
47  corresponding low pressures. By providing high temperature thermal power, the hydrogen can be
48  released at high pressure without the use of external electric power.

49 A comprehensive review of the available MH materials, heat transfer and pressure vessel
50  concepts, operating at maximum pressures on the order of 600-700 bar, can be found in Reference [2].
51  Currently, available MHs for high pressure hydrogen compression are Ti-based materials (laves
52 phase, or AB: phase materials). Depending on the material formulation, MH compressors can achieve
53 pressures on the order of 800-900 bar at temperatures on the order of 120-150 °C without any electric
54 input [3-4]. Recent research and development work focused on the design of high pressure MH-based
55  compression systems, examining the technical performance of the proposed material heat exchanger
56  coupled solutions. Gkanas et al. [5] propose the use of a two-stage metal hydride compression system
57  to achieve maximum pressure ratios of 22, with a maximum delivery pressure of 320 bar at 130 °C.
58  The first stage material is an ABs alloy, namely LaNis, while the second stage material is an AB2 type
59  material based on Zr-V-Mn-Nb. Karagiorgis et al [6] investigate the use of MH materials to compress
60  hydrogen, using waste heat available at temperatures in the range 10 — 80 °C. Maximum compression
61  ratios of about 32 were achieved, compressing hydrogen between 7 bar and 220 bar. However, the
62  system is comprised of 6 stage metal hydride compressors, using ABs and AB> materials. Galvis et al.
63  [7] also analyze the use of a three stage MH compressor, comprised of AB: type materials (Ti-Zr-Cr-
64  Mn-V), to achieve an overall compression ratio of about 82. The system was designed to reach a
65  pressure of 115 bar, with inlet pressure of 1.4 bar, with maximum desorption temperature of 100 °C.
66  None of the proposed systems was designed for pressures on the order of 875 bar, as required by the
67 DOE targets and, consequently, the techno-economic feasibility of systems achieving very high
68  pressures was never examined.

69 The present work describes a techno-economic model applied to candidate high pressure metal
70 hydride materials for high pressure hydrogen compression. The model includes lumped parameter
71  steady state mass and energy balance equations, integrated with an economic model. The technical
72 performance of the overall material-heat exchanger system was assessed and discussed, proposing a
73 novel heat transfer system model, based on mini-channel cylindrical tubes heat exchangers. The
74  potential of available materials to meet the targets is also discussed, with proposed solutions to
75  enhance the economic performance.

76 2. The hybrid hydrogen compressor concept

77 A two-stage hybrid compressor system is proposed, as an alternative to conventional mechanical
78  compressors, for efficient and low cost high-pressure hydrogen compression systems. A simplified
79  schematic of the proposed concept is shown in Figure 1. The first stage is based on an electrochemical
80  system, referred to as ‘Low pressure EHC'. The second stage is a pure thermal compression system,
81  based on metal hydride materials, referred to as ‘High pressure MHC'.

82 The EHC stage operates at manometric compression ratios on the order of 10, compressing the
83  hydrogen from an inlet pressure of 10 bar up to approximately 100 bar. Molecular hydrogen is
84  oxidized at the anode of an electrochemical system producing protons and electrons. The protons are
85  driven through a proton exchange membrane and combined with electrons at the cathode to deliver
86  high-pressure hydrogen. The outlet pressure is maintained at relatively low values (100 bar) in order
87  to minimize hydrogen back diffusion across the membrane. The inlet hydrogen flow needs to be
88  humidified to operate the electrochemical compression effectively using traditional Nafion®
89  membranes. A dryer unit at the exit of the first stage compressor separates the compressed gas from
90  the water, which is collected in a liquid tank unit. The water is recirculated in the humidification unit
91  to assure the right level of humidity in the electrochemical system. The hydrogen at the exit of the
92  first stage is stored in a buffer tank to assure a continuous flow in the thermal stage of the system.
93 The second stage (MHC stage) of the hybrid system operates at higher pressures with the objective
94 of achieving pressures on the order of 875 bar as required by the DOE targets. This stage is comprised


http://dx.doi.org/10.20944/preprints201806.0025.v1
http://dx.doi.org/10.3390/met8060469

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 June 2018 d0i:10.20944/preprints201806.0025.v1

30f15

95  of a thermal compression system, based on MH materials. Such materials absorb hydrogen through

96  an exothermic chemical reaction and release the absorbed hydrogen reversibly, through an

97  endothermic chemical reaction. The equilibrium pressures for the chemical reactions are a direct

98  function of their operating temperatures. Therefore, hydrogen can be absorbed at low temperatures

99  and pressures and, by providing higher temperature thermal power during the desorption process,
100 the hydrogen pressure can be increased without the use of any external electric power.

101
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104 Figure 1. Hybrid EHC/MHC system concept.
105
106 Each metal hydride unit intrinsically operates in a batch (or discontinuous) mode, either in

107  hydrogen charging mode or in hydrogen release mode. Therefore, to assure steady hydrogen flow,
108  at least two parallel metal hydride units need to be coupled in series with the electrochemical unit
109  (Figure 1). One of the main advantages of the proposed solution over competing approaches (e.g.
110 pure thermal compressor or pure electrochemical system) is the possibility of recovering the EHC
111 waste heat to feed the thermal MH system during hydrogen desorption, as shown in Figure 1. This
112 substantially increases the overall system efficiency [3]. The point HH1 identifies the inlet condition
113 of the hot utility (i.e. from the EHC) heat transfer fluid, while the HH2 point represents the
114 corresponding outlet condition, after hydrogen desorption in the MHC unit. The waste heat from the
115  EHC unit is available at temperatures on the order of 150-160 °C. The hydrogen is charged in the
116 ~ MHC system using external cold utility (i.e. water at temperature on the order of 10-15 °C) heat
117  transfer. The points CH1 and CH2 in Figure 1 represent the inlet and outlet points of the cold utility
118  fluid, respectively. Depending on the EHC membrane selection and on the MHC material choice, the
119  system has the potential to achieve a complete EHC waste heat recovery without the need for external
120 thermal power input [3].

121 More information on the overall system and on the EHC stage characteristics, especially relative
122 to the energy integration with the MHC stage, can be found elsewhere [3]. The attention of the work
123 discussed in the current document was paid on the high pressure thermal compression unit,
124 examining the techno-economic performance of the MH systems.

125 3. The techno-economic analysis model

126 A simplified lumped parameter techno-economic model was developed to assess the
127  performance of the high-pressure MH compression system.

128  3.1. Metal hydride compressor system technical performance model
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129 The metal hydride system model includes steady state lumped parameters mass and energy
130  balance equations. With reference to Figure 1, the mass balance equation of the MHC stage is
131  expressed as:

My =My, @
132 Equation 1 is valid assuming continuity of operation and represents the steady state balance of
133 mass for the MHC system. The hydrogen flow is split between the two parallel metal hydride units.
134 The lumped parameter steady state energy balance equation is expressed as:

mHZhHZ - mmhm
_ (MMHCPMH + MWCPW)(Tdes B Tabs)

Atdﬁ + mHZAHdeS (2)
_ (M1 Crur + Mw Cow) (Taes — Tans) + 1y AH
Atabs
135 with h being the hydrogen specific enthalpy (kJ/kg), Mmu and Mw being the mass of each metal

136  hydride material and of the tubing walls (kg), Crvn and Crw being the specific heat of the metal
137  hydride and of the tubing wall respectively (kJ/kg-K), averaged between the absorption temperature
138  and the desorption temperature and AH being the metal hydride chemical reaction enthalpy (kJ/kg)
139 during absorption and desorption. The absorption and desorption times are indicated as Atabs (s) and
140 Ataes (s) respectively.

141 Equation 2 has been derived making the following assumptions. The heat capacity of the
142 hydrogen absorbed and desorbed in the MH has been assumed negligible compared to the heat
143 capacity of the materials (metal hydride and tubing walls). This is due to the low weight capacity of
144 the materials adopted for the current compression systems, which is typically on the order of 1-2 wt%
145  [Ref]. In addition, the system heat losses have been assumed negligible compared to the other thermal
146  power terms.

147 The thermal power exchanged between the heat transfer fluid (e.g. pressurized water) and the
148  materials, during absorption and desorption, is expressed as follows. During hydrogen desorption
149 the heating power, available from the EHC system, is provided at (inlet) temperatures of Trr and is
150  expressed as:

(MMH CPMH + Mwm) (Tdes B Tabs)

Man Conn Ty — Tanz) = At + 1y AH ges 3)
des
151 It is also assumed the mass continuity of the hot utility heat transfer fluid flowing in/out the
152 EHC. TherefOI'e, ThHH = ThHHl = ThHHZ
153 During hydrogen absorption the cooling power is provided at (inlet) temperatures of Tcxi and
154  is expressed as:
S My C + My Copr) (Taes — T,
e Cron o — To) = st Crsn AL I “)
abs
155 It was also assumed the mass continuity of the cold utility heat transfer fluid. Therefore, m.y =
156 Mcep1 = Mepp
157 The mass of each MH material can be estimated as:
Myy = (my,At/wt) /1, ®)
158 with At = Atabs = Atdes, assuming that the absorption time is equal to the desorption time. The

159  volumetric efficiency factor accounts for the void fraction in the bulk material and for the expansion
160  and contraction of the MH during absorption and desorption respectively.

161 The values of Tas and Taes are assessed as the temperature values corresponding to the
162 equilibrium pressures during absorption and desorption. Their values are estimated using the van’t

163 Hoff equation (Equation 6), which is derived from the Gibbs energy expression:
164
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p = ex (AHabs _ ASabs)
abs p RTabs R
p _ (AHdes ASdes) (6)
des = €Xp RTdes R
165 with pabsides being the equilibrium pressure (bar) values for absorption and desorption. To carry

166  out a techno-economic feasibility study and compare the material performance, the following
167  assumptions were made: (1) the material hysteresis is assumed negligible, thus implying that AHabs =
168  AHdes and ASabs = ASdes and (2) pressure is used in the van't Hoff expression rather than fugacity,
169  assuming an acceptable error at high pressures as well.

170 A first conceptual design of the MHC heat transfer system was also carried out. A novel heat
171  transfer system configuration was identified and adopted for the high-pressure scenario. It is
172 comprised of a series of MH material filled tubes. Finned mini-channel cylindrical tubes, located
173 inside the MH tube, provide the required cooling/heating power to charge/discharge the hydrogen.
174  The frontal 2D view of a single tube is shown in Figure 2. The proposed system has several
175  advantages over more traditional heat transfer systems with the heat transfer fluid flowing in the
176  shell side of the component. The wall of the MH tube, in general, can be very thick, given the current
177  operating pressure conditions of 875 bar. Therefore, including an insulation layer between the MH
178  tube and the vessel wall, the proposed solution allows a direct heat exchange between the fluid and

179  the MH material. This avoids the presence of additional relevant thermal inertia represented by the
180  MH tube wall.
181

182
183

184 Figure 2. Single tube MH material heat transfer coupled system, showing: (a) Simplified external
185  view of a single MH tube; (b) 2D frontal view of the single tube with 4 fin internal mini-channel heat
186  transfer tube; (c) zoomed view of the internal finned minichannel heat transfer fluid tube.

187

188 The steady state heat transfer energy balance equation during hydrogen absorption, using the
189  Log Mean Temperature Difference (LMTD) approach, is expressed as:

_ T 7
mCHCPCH(TCHZ — TCHl) =h Sabs CH2 CH1

Tenz — T, (7)
l CH2 abs
" (Tcm - Tabs)
190 The steady state heat transfer energy balance equation during hydrogen desorption, using the

191  LMTD approach, is expressed as:
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. - THHl B THHZ
Mun Cor Ty — Tamz) = h Sdesﬁ (8)
ln( HH1 ags)
Thna — Tdes
192 Constant steady state temperatures during absorption and desorption were assumed. The heat

193 transfer coefficient, accounts for the conductive heat transfer process inside the MH material and the
194 convective laminar heat transfer in the fluid. The overall heat transfer coefficient under laminar
195  conditions can be assessed from Equation 9:

D

1 din (Ft) A d ©)

h 2kyy 466 kyg
196 with kur and kvu (W/m-K) being the thermal conductivity of the heat transfer fluid and of the
197  metal hydride material respectively.
198 Equation 9 was derived assuming that the thickness of the heat transfer tubes (t) is negligible
199 and that Nu = 4.66 for the heat transfer fluid under laminar flow conditions [8].
200 The heat transfer surface area of the heat exchanger is:

S = max(Saps , Sges) (10

201 The mass of the tubing walls is estimated based on the adopted heat transfer configuration as
202 well as on the operating conditions, as discussed in the next sections.
203 The conceptual design of the material heat exchanger coupled system was carried out based on

204  the geometrical constraints, defined by the heat transfer requirements and the volume occupied by
205  the MH material. The required heat transfer surface area (S) and the volume (V) occupied by the MH
206  material are expressed in Equations 11 and 12:

S = Np(mdL + nsLsL) (11)
Myn ( D* d? )
V= =Np|\lm—L—-—m—L 12
Pbulk ’ 4 4 (12
207 with Nt and ntbeing the overall number of tubes and the number of fins per tube, respectively.
208 Equations 11 and 12 were derived assuming the thickness of the internal heat transfer tubes (t)

209  and of the fins (t) are reasonably negligible compared to the other dimensions.

210  3.2. Metal hydride compressor system economic model

211 The installed cost of the MH system was assessed adopting a traditional factored methodology.
212 By this approach the installed cost can be evaluated as the Free on Board (FOB) component cost with
213 additional installation costs, computed using installation factors, as expressed in Equation 13:

Cinst = finstCron (13)

214 The installation factor (finst) accounts for the cost of connecting tubing and piping, external
215  insulation, painting, electrical and control equipment, labor, concrete, etc. It also accounts for the
216  high-pressure distribution plates for hydrogen and low-pressure connections for the heat transfer
217  fluid. The values were assessed adopting traditional equipment databases and process modeling
218  programs, namely ASPEN In plant Cost Estimator® [9].

219 The component FOB cost is expressed as follows:
Cror = Cun + Cyepy (14)
220 The first term (Cwmu) represents the FOB cost of the MH material. It includes the cost of the raw

221  material, the manufacturing, processing and heat treatment cost and the cost for handling and
222 locating the material inside the tank. This term was assessed based on industrial material data from
223 JMC Alloy [10], for the different selected alloys. The second term (Crerv) is the FOB cost of the MH
224 tubes and heat exchanger tubing (i.e. finned tubes cost) placed inside the MH tube. The cost of the
225 internal heat transfer tubes was assessed based on industrial tubing values [11], with Al considered
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226  as the constitutive material of the heat transfer tubes. The cost of the MH tubes was assessed based
227  on industrial Swagelok ‘Super Duplex’ tubing catalogs and from personal communications with
228  Swagelok [12], with S52507 considered as the constitutive material of MH tubes, operating in a
229  hydrogen environment up to pressures of 900 bar.

230 4. Results

231 The techno-economic model was applied to different MH, which were then downselected based
232 upon constraints and initial degrees of freedom assumed on the basis of the compressor configuration
233 and operating conditions. The performance of the selected MHC systems was assessed and
234  compared, showing the potential of selected materials to achieve the required operating conditions.

235  4.1. Initial downselected materials

236 To carry out the techno-economic analysis the following assumptions were made. The hydrogen
237  flow rate is between 1 kg/h (for smaller scale applications) and 100 kg/h (for large scale scenarios)
238  based on the DOE targets [1]. With reference to Figure 1, the inlet hydrogen pressure (Pr1) is equal to
239 100 bar, achieved at the exit of the electrochemical stage [3]. The MHC system operates with a
240  compression ratio of 8.75, compressing the hydrogen up to 875 bar, as required by the DOE targets.
241  The MHC system is also assumed to be comprised of a single stage MH compressor, in order to
242 reduce the investment cost and the plant management complexity required by two or multiple stage
243  MH compressors. The MH heating power, required to desorb the hydrogen, is assumed to be
244  provided as waste heat from the EHC at Tum = 155 °C. The MH cooling power, required to absorb the
245  hydrogen, is assumed to be provided by a cooling source at Tcui =15 °C. Each of the two MHC system
246  lines (operating in opposite charging/discharging phase) was assumed to be comprised of two MH
247  units operating in parallel, to assure continuity of exercise during possible maintenance or failure of
248  one unit. Some of the degrees of freedom of the problem were assumed ab initio limiting the number
249  of the unknows of the overall problem. The charging/discharging time of the MHC was assumed
250  equal to 10 min (i.e. 20 min per each complete cycle), with absence of material weight capacity
251  degradation for (at least) 35,000 cycles. Existing AB: MH materials have the right characteristics to
252 achieve the required cycling time (i.e. fast kinetics) and degradation performance [13]. Depending on
253  the formulation, the AB: MH material operating pressures can range between 10 bar and over 1000
254  bar. A comprehensive list of existing AB> materials for hydrogen compression applications, both for
255  low and high pressures, can be found in Reference [2]. However, the temperature constraint of the
256  proposed scenario limits the available existing AB2 metal hydrides to only a few possible candidates.
257 A first screening of the existing AB2 materials was carried out, based on the available databases and
258 literature data [14,2] and depending on the operating conditions (temperatures and pressures). Four
259  candidate materials were preliminary screened, with their thermodynamic and physical and
260  chemical properties shown in Tables 1-2.

261 The thermodynamic and weight capacity data for the HP1 material (TiCr19) were collected from
262  References [15,16]. The corresponding equilibrium operating conditions were estimated using the
263  van’t Hoff equation.

264 Table 1. Thermodynamic properties, weight capacity and equilibrium conditions of the four
265 downselected high pressure metal hydrides (HP1, HP2, HP3, HP4).
Material AHabs/AHdes ~ ASabs/ASdes Wt Equilibrium
(kJ/mols2) (kJ/molnz) (%) P (bar)/ T (°C)
HP1: TiCr1s 26.2 122.0 1.4 100/40 - 875/125
HP2: (Tio097Zr0.03)11Cr1.6Mno.4 23.4 115.0 1.7 100/32 - 875/125
HP3: Ti1aCrMn 229 114.7 1.5 100/27 - 875/119
HP4: TiCrMno.sFeo4Vo2 20.2/22.0 103.0/109.0 1.9 100/39 - 875/145

266


http://dx.doi.org/10.20944/preprints201806.0025.v1
http://dx.doi.org/10.3390/met8060469

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 June 2018 d0i:10.20944/preprints201806.0025.v1

8of15
267 Table 2. Chemical and physical properties of the four downselected high pressure metal hydrides
268 (HP1, HP2, HP3, HP4).
. Pbulk kvn Cpmu
Material (kg/m?) (W/m-K) (J/kg-K)
HP1: TiCr1s 3130 8.0 486
HP2: (Tios7Zr003)11Cr1.6Mno4 3140 8.0 485
HP3: TiiaCrMn 3170 8.0 493
HP4: TiCrMnosFeo4Vo: 3170 8.0 491
269
270 The HP1 material is characterized by significant hysteresis and sloped plateaus at the

271  temperature and pressure range of interest [15,3,17]. Even if the material is characterized by excellent
272 operating pressures and temperatures, it cannot be adopted for an effective high-pressure hydrogen
273  compression system. However, the material was still included as possible candidate material,
274  accounting for possible future material development and modifications to achieve enhanced
275  performance. The HP2 material ((Tio97Zroos)1.1Cr1sMnoas) is characterized by flatter plateau profiles
276  and reduced material hysteresis [18]. The thermodynamic and weight capacity data for the HP2
277  material have been collected from Reference [18], with the corresponding equilibrium operating T
278  and P estimated using the van’t Hoff equation. Likewise, the HP3 material (Ti11CrMn) properties
279  havebeen assessed based on the data available in Reference [19]. The main limit of the HP3 material
280 s the absorption temperature, required to be on the order of 27 °C for 100 bar. The reduced
281  temperature differences in the heat transfer cooling system makes the design of the heat exchanger
282  more challenging, requiring additional finned structures and higher heat transfer fluid flow rates.
283  The HP4 material thermodynamic properties and weight capacity were collected from Reference [20].
284  The HP4 material was still included as potential candidate, but is characterized by an operating
285  temperature (145 °C) very close to the hot utility temperature (155 °C), with an overall temperature
286  difference of only 10 °C.

287 The bulk density was estimated based on the crystal density and assuming a void fraction of
288  50%. Expansion and contraction of the material during absorption and desorption was assumed equal
289  to 15% of the initial volume under totally desorbed state [2]. The thermal conductivity value was
290 assessed based on the data and information available in References [21-23]. Thermal conductivity
291  values on the order of 5-10 W/m-K are reported when expanded natural graphite is mixed with the
292 material in quantities on the order of about 10wt%. The specific heat values were estimated based on
293  the material formulation, resulting in values on the order of 500 J/kg-K for each material.

294 4.2. Technical analysis results

295 The technical feasibility and the corresponding performance of the MH systems comprised of
296  the four downselected alloys are described and discussed in the following sections.
297 The technical analysis was carried out under the following assumptions. Two scenarios were

298  analyzed: the first scenario saw the adoption of MH compressors for small scale applications (1
299  kgm/h, with pressures 100-875 bar), the second scenario was for large scale applications (100 kgrz/h,
300  with pressures 100-875 bar). Given the high-pressure range, only small diameter metal tubes are
301  currently available. The MH tube diameter (Dr) was assumed equal to 1.3 cm, which is the available
302  diameter from Swagelok catalogs, with S52507 as the constitutive material. The corresponding wall
303 thickness (t) was estimated equal to 2.1 mm. This confirms that the optimal heat transfer solution is
304  to include minichannel tubes internally in the MH tubes. Finned aluminum tubes were adopted to
305  transfer the cooling/heating power, with diameter (d) of 2.4 mm. Pressurized water (at pressures of
306  7.5bar) was assumed as the heat transfer fluid.

307 Results in Tables 3 highlight the heating/cooling power required to desorb/absorb hydrogen for
308 100 kg/h. The contributions of sensible heating/cooling, to vary the operating temperature of the MH
309  bed, and latent heating/cooling required by the chemical reaction (i.e. desorption and absorption
310  respectively) are also shown in the table.
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311 Table 3. Heating and cooling power duty of the four downselected high pressure metal hydrides
312 (HP1, HP2, HP3, HP4) processing 100 kg/h.
Material Sensible power (kW) Reaction power (kW) Total power (kW)
[100 kgr2/h] [100 kgr2/h] [100 kgr2/h]
HP1: TiCr19 130.8 366.8 497.6
HP2: (Tios7Zr003)11Cr1.6Mno4 117.4 327.6 445.0
HP3: Ti1aCrMn 139.2 320.6 459.8
HP4: TiCrMnosFeo4Vo. 127.5! 308.0! 435.5!
313 1 The values refer to the desorption phase, which is the most challenging due to the reduced
314 LMID.
315
316 Table 4 shows the results of a first conceptual design of the 4 selected systems.
317 Table 4. Conceptual design results of the four downselected high pressure metal hydrides (HP1,
318 HP2, HP3, HP4) processing 1 kg/h and 100 kg/h. Each system is comprised of 4 parallel units
Material Number of tubes! =~ Number of fins? Length, L' (m) Water flow! (g/s)
[1kg/h -100 kg/h]  [1 kg/h -100 kg/h]  [1 kg/h -100 kg/h] — [1 kg/h - 100 kg/h]
HP1: TiCr19 15 - 1474 4-4 1.60-1.55 28.7 - 2866
HP2:
(Ti0.97Z1003)11Cr1.6Mnos 16-1550 4-4 120-1.20 51.3-5127
HP3: Ti1aCrMn 14 - 1444 8-8 1.60-1.50 53.0 - 5297
HP4:
TiCrMnosFeosVos 14 - 1565 10-10 1.30-1.20 62.7 - 6271
319 1 per each unit (the system has 4 units)
320 2 per each tube
321
322 The system design essentially follows a linear relationship with the hydrogen flow rate, from 1

323 kg/h to 100 kg/h. The sensible heating/cooling power required to increase/decrease the operating
324  temperature plays an important role in the technical performance of the MHC system, contributing
325  for about 26-30% of the overall required thermal power. The reduced temperature differences in the
326  HP4 compressor between the MH and the heat transfer fluid, during the desorption phase (LMTD =
327 6 °C) results in increased heat transfer surface area (i.e. increase of the number of fins required to
328  transfer the heat during the desorption). Even if the HP4 system requires the lowest heating power
329  (approximately 2% lower than the HP2 material), the reduced LMTD value has also the effect of
330  requiring higher water flow rates (about 22% higher than the corresponding HP2 system) to maintain
331  theheat exchange feasible (temperature pinch point equal to 2 °C).

332 4.3. Economic analysis results

333 The economic feasibility and performance of the proposed compression systems are described
334 below. The analysis was carried out using Year 2017 US $. The installation factor, described in Section
335 3, was estimated adopting ASPEN In Plant Cost Estimator and including additional feasible
336  estimations for the distribution plates. The installation factor values were equal to 1.35 for the large-
337  scale scenario (100 kg/h) and 7.0 for the small-scale scenario (1kg/h).

338 Results of the small-scale (1 kg/h) and large-scale scenarios (100 kg/h) are shown in Figures 3-4,
339  respectively, highlighting the influence of the MH material cost and the heat exchanger and tubing
340  cost.

341
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343 Figure 3. Installed cost of the MHC system for small scale scenarios (i.e. 1 kgnz/h)
344
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345
346 Figure 4. Installed cost of the MHC system for large scale scenarios (i.e. 100 kgrz/h)
347
348 The cost of the MH material is directly proportional with the hydrogen flow rate, as for each

349  modular system. The heat exchanger and tubing cost, along with the additional installation costs,
350  follows a power law with regard to the hydrogen flow rate. The HP1 is the most expensive system,
351  mainly due to the MH material cost. For the small-scale scenario, the material cost accounts for about
352 60% of the overall installed cost. This contribution goes up to about 86% for the large-scale scenario.
353  The HP2 material represents the best option among the selected materials adopted in high pressure
354  systems. For the small-scale scenario the HP2 material cost accounts for about 39% of the overall
355  installed cost, achieving about 75% for the large-scale scenario. The HP3 and HP4 systems have
356  similar performance with the HP2 compressor. The HP3 material cost accounts for about 40% of the
357  overallinstalled cost for small scale conditions, reaching about 74% for the corresponding large-scale
358  scenario. The HP4 system shows an economic performance essentially identical with the HP2
359 material. The HP4 material cost influence on the overall small-scale scenario cost is about 40%,
360  reaching values of almost 76% for large scale scenarios.

361 Cost sensitivity analyses were also carried out for the best candidate material (HP2) at large scale
362  scenarios. The sensitivity analysis ‘tornado chart’ is shown in Figure 5. Four techno-economic
363  parameters (density, cycle time, material cost and installation cost) were chosen as the most
364  significant quantities.
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366 Figure 5. Tornado chart cost sensitivity for the large scale (100 kg/h) HP2 system

367

368 Each parameter was varied maintaining constant the other quantities. The heat exchanger
369  system geometry was a fixed parameter for the current sensitivity analysis. The material intrinsic
370  properties (e.g. reaction enthalpy, weight capacity, specific heat, overall thermal conductivity) were
371  also assumed fixed, since their variation would require additional material development and
372 analysis. The bulk material density varied between 30% of the crystal density (i.e. 1886 kg/m3) and
373 70% of the crystal density (i.e. 4401 kg/m3), assuming a different degree of compaction. The baseline
374  bulk density is equal to 3140 kg/m? or 50% of the crystal density. The corresponding system cost saw
375  a variation of + 34% with the decrease of the bulk density of about 40% compared to the baseline
376  value. This is also due to presence of additional void space, which reduces the volumetric efficiency
377  of the compressor, resulting in additional metal hydride material to be included in the system. The
378  cycling time is the quantity that showed the highest influence on the overall system cost. A variation
379  of the cycle time of +50% results in a corresponding cost variation of +50%, reaching values of about
380  $3.6M for a cycling time of 30 min. A relevant influence on the system cost was also noticed for the
381  MH FOB cost. A reduction of the FOB cost of 50% (i.e. equal to 435 $/kg) resulted in a reduction of
382  thesystem cost of almost 35%, reaching a value of about $1.6M. The influence of the installation factor
383  ontheinstalled cost was very limited compared to the sensitivity of the other quantities. A reduction
384  of the installation factor from 1.35 (baseline value) to 1.2 resulted in a reduction of the installed cost
385  of approximately 2.7%. The cost of heat exchanger, pressure vessel, distribution plates and
386 installation plays a more relevant role in the small scale scenario (1 kg/h), influencing the overall
387  installed cost for more than 50%.

388 5. Discussion and future work

389 Given the stringent constraints dictated by the operating conditions and the need for reduced
390  investment costs, only a few existing MH materials could be downselected as candidates for high
391  pressure MH compressors. Among the four downselected materials only one candidate (HP2
392  material) has high potential for application in the actual system. The HP1 material is limited by its
393  high slope of the two-phase region and relevant hysteresis, making the hydride not the best candidate
394 for compression applications. In addition, the limited weight capacity and high material cost of the
395  HP1 material result in significant increase of the investment cost compared with the other candidate
396  materials. The HP3 and HP4 materials suffer from the heat transfer management required to achieve
397  pressures between 100 bar and 875 bar. The HP3 hydride requires temperatures lower than 27 °C to
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398  absorb hydrogen at 100 bar making the heat transfer with external cold utility fluid (at 15 °C)
399  challenging. The HP4 material requires temperatures close to 150 °C to desorb hydrogen at 875 bar
400  making the recovery of the available waste heat from the EHC system challenging. The HP2 material
401  will be verified in terms of operating pressures and temperatures at industrial level.

402  To experimentally evaluate the candidate materials a high-pressure Sieverts’ apparatus, reaching
403  pressures > 900 bar, would be designed and built (Figure 6). The system will employ a 2-channel
404  design as to optimize MH characterization. All components will be rated at pressures >1000 bar with
405  minimal volume tubing used to ensure limited dead volume existed between reservoirs and sample
406  holders. The system would be controlled by pneumatically driven valves and regulator allowing for
407  the availability of full automation, thereby, permitting data collection of isothermal, kinetic and
408  cycling measurements. Laboratory cylinder hydrogen would be fed to a flammable gas compressor
409  allowing for the necessary pressures to be achieved for testing. The system would store the
410  compressed hydrogen in a 60-70 ml high-pressure storage container in preparation for aliquots of gas
411  to be absorbed by the sample. The storage reservoir, as well as the channels’ reservoirs, would be
412  contained within a temperature-controlled frame. The sample holders would be external from the
413  fame and could be heated or chilled to temperatures ranging from less than -10 to greater than 150
414  °C. The sample holders chosen would allow for amounts of material >25 g to be tested at a time.
415  Designing the system around large quantities of samples to be measured permits the examination of
416  a prototype-scale level of characterization.

417
Reservoir 1-1
Sample 1
Pressure Manual
Transducer 1-1 vi-D V1-E Valve
PT <
Sample 1
Pump Rupture
HP Check Disk
Valve
Booster
ﬂ Vent V3 T
P>< N D><]
Regulator \a Main System
Valve System Pump
Reservoir XVaIve 2-E
System Pressure
Transducer Lt >
V2-A V2-B Sample 2
X vac Manual
V2-E Valve
PT <
Pressure Sample 2
Transducer 2-1 v2-D
4 1 8 Reservoir 2-1

419  Figure 6. Schematic rendering of a 2-channel high-pressure Sieverts’ apparatus for characterization
420  of prototype-scale metal hydride materials.

421 6. Conclusions

422 A novel techno-economic analysis model was developed, including steady state mass and
423  energy balance equations, and applied to high-pressure MH thermal compressors. Technical and
424  economic performance of MH systems, compressing hydrogen from 100 bar to 875 bar with heating
425  power provided at temperatures on the order of 150 °C, was assessed. The system was assumed to
426  be coupled with an electrochemical system, which provides the heating power (waste heat from the
427  electrochemical component) required to desorb hydrogen from the metal hydride system. A novel
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428  heat transfer system is also proposed to exchange the heating and cooling power with the metal
429  hydride material. The configuration sees the adoption of finned minichannel heat transfer tubes
430  placed inside the MH material tubes, allowing for enhanced technical performance compared to
431  traditional shell and tube solutions. Only a few metal hydride materials could be initially
432  downselected, being able to achieve the required operating conditions (pressures and temperatures).
433  Results showed that the novel heat transfer system allowed all the downselected materials to
434  potentially achieve the operating pressure (875 bar) at temperatures lower than 150 °C. However only
435  one of the selected alloys, namely (Tios7Zroos)11CricMnos showed more realistic temperature
436  differences in the heat transfer process, making it the best candidate for the proposed application.
437  Cost results, obtained for currently available materials at industrial level for quantities on the order
438  of 10-50 kg, showed the economic feasibility of the proposed system. Economic sensitivity analyses
439  were also carried out, showing different approaches to enhance the economic performance. The
440  overall system cost can be reduced up to about 50% of the initial cost with a reduction of the material

441  cost of 50% and an increase of the bulk density up to 70% of the crystal density.
442
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514  Nomenclature

515 C Cost ($)

516  Cinst Installed cost ($)

517 G Specific heat (kJ/kg-K)

518 DOE U.S. Department of Energy

519 EHC Electrochemical hydrogen compressor
520 finst Cost installation factor

521 FOB Free on board

522 h Specific enthalpy (kJ/kg), or heat trasnfer coefficient (W/m?2-K)
523  k Thermal conductivity (W/m-K)

524  LMTID Log mean temperature difference

525 m Mass flow rate (kg/s)

526 M Mass (kg)

527 MH Metal hydride

528 MHC Metal hydride hydrogen compressor

529 ¢ Number of fins per tube
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530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552

553

Nr
P
R
S
\Y
wt

Greek letters
AH

AS

At

Nv

p

Subsript
abs
bulk
CH

des
HEPV
HF

HH

MH

Number of tubes

Equilibrium pressure (bar)
Gas constant (8.314 J/mol-K)
Heat transfer surface area (m2)
Volume (m3)

Weight capacity (kgrz/kgmH)

Reaction enthalpy (kJ/molr: or kJ/kgz2)
Reaction enthalpy (kJ/molr-K or kJ/kgH2-K)
Time (s)

Volumetric efficiency

Density (kg/m?)

Absorption

Bulk

Cold utility

Desorption

Heat exchanger and pressure vessel
Heat transfer fluid

Hot utility

Metal hydride
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