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ABSTRACT 

Heat recovery heat exchangers for heat-to-power conversion from metallurgical off-gas should have a compact 

design that reduces component cost and footprint. The goal of our study is to investigate and identify key heat 

exchanger design parameters for minimizing the surface area of heat recovery heat exchangers. We explore 

the effect of basic heat exchanger design parameters on component and system performance through a 

combined Rankine cycle and heat exchanger optimization. We consider both "ideal" and "real" heat 

exchangers. The ideal heat exchangers are characterized by a minimum number of practical design constraints 

and provide a reference for the lowest achievable heat transfer surface area. The "real" heat exchangers are not 

based on detailed heat exchanger designs per se, but represent different practical design constraints inspired 

by well-known heat exchanger concepts. This approach enables evaluation of different heat exchanger types 

on a system level without detailed modelling of the heat exchangers. Results show that the different heat 

exchanger types result in significantly different surface areas under the investigated conditions. As expected, 

concepts that allow large differences between hot and cold side cross-sectional flow areas and hydraulic 

diameters can be better optimized to off-gas heat-to-power conversion. Thus, heat exchangers with these 

flexibilities, such as plate-and-fin type concepts, appear to be promising for off-gas heat-to-power conversion.  

Keywords: Waste Heat Recovery, Rankine Cycle Optimization, Heat Exchanger Design, CO2 Working Fluid 

1. INTRODUCTION 

Aluminium industry accounts for around 3-4 % of the world's total electricity consumption, and 1 % of the 

world's total CO2 emissions (Cullen and Allwood, 2013; Milford et al., 2011). Around half of the energy input 

is lost to the surroundings in the form of surplus heat (Ladam et al., 2011; Nowicki and Gosselin, 2012; Yu et 

al., 2018). Recovering this surplus heat will yield a significant contribution to reduced global energy 

consumption and emissions. However, utilization of this heat directly is limited by a lack of local heat demand 

and a low heat quality (Nowicki and Gosselin, 2012). An option for enabling more significant surplus heat 

utilization is to convert the heat into power, but even this presents challenges because of low cost-efficiencies 

(Cascella et al., 2018). Further research is necessary to make heat-to-power conversion in the aluminium 

industry more attractive.  

Heat-to-power conversion in aluminium industry could be achieved by utilizing different heat sources, such as 

heat originating from the electrolysis process, anode baking or the casting process. These are three of the most 

significant surplus heat sources at primary aluminium plants (Nowicki and Gosselin, 2012; Zhao et al., 2016). 

The heat source evaluated in this analysis is the warm gas ("off-gas") rejected from the electrolysis process, 

which could stand for up to 45 % of the heat loss from the electrolysis cells (Fleer, 2010). The electrolysis 

process also rejects surplus heat in the form of heat dispersion through the electrolysis cell sidewalls (Barzi 

and Assadi, 2013; Barzi et al., 2018; Cascella et al., 2018). However, surplus heat from the off-gas is 

considered easier to recover since the off-gas is already collected in existing infrastructure at aluminium plants 

(Yu et al., 2018; Zhao et al., 2016). Furthermore, recovering off-gas surplus heat requires little to no 

modification of the electrolysis cells and does not affect the thermal energy balance of the cells (Fleer, 2010; 

Nowicki et al., 2012). Thus, several practical aspects make off-gas heat-to-power conversion a promising 

alternative for reducing energy consumption in the aluminium industry.  

Several research articles have evaluated heat-to-power conversion from off-gas at aluminium plants, covering 

different challenges that need to be solved to effectively produce power from this surplus heat. Optimization 
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of working fluids and operating conditions is a typical research area, as performed by both Wang et al. (2012) 

and Castelli et al. (2019). Castelli et al. (2019) considered heat-to-power conversion from both off-gas and 

sidewalls of aluminium electrolysis cells in a single Rankine cycle. They found that a binary working fluid 

mixture between isobutane and isopentane resulted in the highest exergy efficiency. The effect of a lower off-

gas cooling limit has also been analysed, which is necessary to avoid condensation of acid components present 

in the off-gas. Ladam et al. (2014) found that indirect Rankine cycles were less affected by this limit than direct 

cycles, but indirect cycles resulted in lower power production. Some researchers have also evaluated 

implementation of Rankine cycles at specific aluminium plants, such as Børgund (2009) and Yu et al. (2018), 

who considered heat-to-power conversion at Hydro's aluminium plant in Øvre Årdal, Norway, and Alcoa's 

aluminium plant in Fjardaal, Iceland, respectively. Børgund (2009) found that Rankine cycles were better 

suited to the application than Stirling engines, steam cycles and Kalina cycles. Yu et al. (2018) evaluated both 

Rankine cycles and cycles for combined heat and power, and found that power production alone resulted in 

the highest exergy efficiency, whereas a combined heat and power system gave the highest energy efficiency. 

Although the cited studies cover important areas, it was beyond their scope to optimize the heat recovery heat 

exchanger. 

Designing compact and efficient heat recovery heat exchangers for off-gas heat-to-power conversion is 

important to reduce component cost and footprint. The heat recovery heat exchanger should be carefully 

designed to minimize fouling of heavy dust particles, which reduces heat transfer coefficient, increases 

pressure drop and requires expensive maintenance (Fleer, 2010). As noted by Fleer (2010), the degree of 

fouling in the heat recovery heat exchanger is strongly dependent on the orientation of the off-gas flow in 

relation to the heat exchanger surface. His experiments showed that fouling was most severe at surfaces faced 

perpendicular to the off-gas flow direction, and less severe at surfaces oriented in parallel to the flow. It can 

be inferred from his research that fouling is reduced by designing heat recovery heat exchangers with surfaces 

oriented in parallel to the off-gas flow direction. Consequently, we only consider surfaces oriented in parallel 

to the flow, i.e. no fins on the gas side.  

The objective of our work is to investigate and identify key heat exchanger design parameters for minimizing 

the surface area of heat recovery heat exchangers. The investigation is performed using a Rankine cycle model 

based on generic heat exchanger models, i.e. heat exchangers described with a minimum number of generic 

design parameters. The model is used to investigate the optimum design of "ideal" heat recovery heat 

exchangers, meaning theoretical heat exchangers that could take on almost any conceivable heat exchanger 

geometry. This serves as basis for comparing "ideal" and "real" heat exchanger concepts, where the latter are 

represented by introducing specific restrictions to the design parameters. These heat exchangers are developed 

to represent scenarios where the heat exchanger geometry is restricted by typical practical design constraints, 

inspired by existing heat exchanger designs. Three real heat exchanger scenarios are developed and compared 

to the ideal scenario to identify the most important design parameters.  

2. METHODOLOGY 

2.1. Case definition 

Figure 1 shows an illustration of a hypothetical aluminium plant with 96 electrolysis cells divided into twelve 

groups, each containing eight cells. Off-gas from the electrolysis cells is transported to the gas treatment centre 

(GTC) in ducts that gradually merge into larger channels. The off-gas is gradually cooled on its way to the 

GTC through heat losses to the surroundings, and the potential for power production is therefore largest close 

to the cells. We assume that off-gas can be recovered at 150 °C by placing several Rankine cycles close to the 

cells throughout the plant. Each Rankine cycle recovers heat from eight cells. 

The required duty of the fan located between the GTC and the scrubber is given by all the off-gas pressure 

losses in the system. The total off-gas pressure loss in a scenario without heat-to-power conversion is referred 

to as the baseline pressure loss. The installation of a heat recovery heat exchanger (HRHE) on the off-gas will 

increase the fan power due to additional off-gas pressure loss. However, cooling the gas increases the density 

and thus reduces the volumetric flow rate, which in turn reduces pressure drop in the gas handling system. 

Both of these effects are considered in our work. Table 1 shows the case parameters used in the analysis. We 

assume that treating the off-gas as air will give sufficient accuracy in the thermodynamic calculations.  
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Figure 1: Aluminium production plant in scenario with heat-to-power conversion in distributed Rankine cycles 

Table 1. Case parameters 

Heat source data Units  

Source type - Air 

Inlet temperature °C 150 

Minimum temperature °C 90 

Inlet pressure Pa 100 000 

Volume flow Nm3×h-1 40 000 

Mass flow kg×s-1 14.3 

Heat sink data   

Sink type - Water 

Inlet temperature °C 10 

Pressure loss in pipes bar 0.5 

Other   

Baseline off-gas pressure loss Pa 2 500 

Fixed off-gas pressure loss through HRHE inlet and outlet Pa 250 

Minimum working fluid temperature at HRHE inlet °C 60 

Rankine cycle working fluid - CO2 

2.2. Rankine cycle model 

The Rankine cycle model is in principle similar to the one first presented by Hagen et al. (2020) and later 

modified by Nikolaisen and Andresen (2019). Hagen et al. (2020) described a novel methodology for 

modelling a direct Rankine cycle specifying heat exchanger geometries on the working fluid sides of the heat 

exchangers. Based on this methodology, Nikolaisen and Andresen (2019) developed a model of an indirect 

Rankine cycle specifying geometries on all sides of the heat exchangers, and included a heat source fan to 

calculate the additional fan power from off-gas pressure loss. Like Nikolaisen and Andresen, we specify heat 

exchanger geometries on all fluid sides, but we model a direct cycle instead of an indirect cycle; using CO2 as 

working fluid is assumed to enable direct heat recovery from the off-gas. We have also included calculation 

of the reduction in fan power from off-gas cooling by assuming a baseline off-gas pressure loss of 2 500 Pa. 

One of the main characteristics of the Rankine cycle model is that it is based on a generic heat exchanger 

model. The generic heat exchanger model specifies basic heat exchanger geometries and does not necessarily 

represent a real, manufacturable heat exchanger design. However, the model has sufficient geometrical detail 

to account for the most important physical phenomena that occur during heat transfer, and provides an estimate 

of required heat transfer area. The heat exchanger geometry is described in detail in Section 2.3.  

An advantage of using the generic heat exchanger model is that it can be tailored to represent different practical 

heat exchanger design parameters by imposing the constraints described in Section Error! Reference source 

not found.. Another advantage is that the model enables a coupling between heat exchanger and system 

performance, thereby allowing evaluation of how the different heat exchanger design parameters affect system 

level performance. 
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Figure 2 shows a sketch of the Rankine cycle 

model, where letters indicate the sequence of 

calculation. Note that there are two off-gas fans, 

Fan 1 and Fan 2. The fans account for the two 

different effects on baseline fan power detailed 

in Section 2.1. Fan 1 calculates the additional 

fan power due to off-gas pressure loss in the heat 

recovery heat exchanger, and Fan 2 calculates 

the reduction in fan power due to off-gas 

cooling. The duty of Fan 2 is a function of the 

reduction in baseline pressure loss in the gas 

handling system, ∆𝑝𝑏𝑎𝑠𝑒 𝑟𝑒𝑑, and its shaft power 

is estimated by: 

𝑊̇𝑓𝑎𝑛 2,𝑠ℎ𝑎𝑓𝑡 = ∆𝑝𝑏𝑎𝑠𝑒 𝑟𝑒𝑑  𝑉̇𝑔𝑎𝑠 = 

∆𝑝𝑏𝑎𝑠𝑒 [1 − (
𝑉̇𝑔𝑎𝑠

𝑉̇𝑔𝑎𝑠.𝑏𝑎𝑠𝑒
)

2

] 𝑉̇𝑔𝑎𝑠  Eq. (2) 

The net power is calculated with Eq. (1): 

𝑊̇𝑛𝑒𝑡 = 𝑊̇𝑒𝑥𝑝 − 𝑊̇𝑝𝑢𝑚𝑝𝑠 − 𝑊̇𝑓𝑎𝑛 1 + 𝑊̇𝑓𝑎𝑛 2 

Eq. (1) 

The efficiencies of the pumps and expander are similar to those reported by Hagen et al. (2020), and the 

isentropic efficiency of the fan is set to 0.90.  

2.3. Heat exchanger model 

The generic heat exchanger model only specifies heat exchanger length L, hydraulic diameters 𝑑ℎ,ℎ𝑜𝑡 and 

𝑑ℎ,𝑐𝑜𝑙𝑑, and cross-sectional flow areas 𝐴𝑐𝑟𝑜𝑠𝑠,ℎ𝑜𝑡 and 𝐴𝑐𝑟𝑜𝑠𝑠,𝑐𝑜𝑙𝑑. A visualization of a generic heat exchanger 

is given in Figure 3, which represents a scenario where the hot and cold side fluids flow counter-currently 

through circular channels. The channels could in principle be of any shape, for instance square, as is the case 

in plate-and-fin type concepts. 

The generic heat exchanger model is first tailored to represent an "ideal" 

heat exchanger, which provides a reference for the lowest achievable heat 

transfer surface area. The ideal scenario involves a minimum number of 

constraints on the heat exchanger design parameters, as shown in Table 2. 

These parameters refer to the channel length and the ratio between hot and 

cold side heat transfer surface area and cross-sectional flow area. The 

hydraulic diameters are fixed to reduce the number of free optimization 

variables in the ideal heat exchanger scenario; all the heat exchangers are 

optimized in this scenario, leading to a high number of free variables. 

Three "real" heat exchanger cases are defined that impose different 

constraints on the cross-sectional area ratio, hydraulic diameters and 

channel lengths. Since no fins are considered on the gas side in the real 

heat exchangers, all these cases restrict the off-gas to CO2-side surface 

area to 1 or below. The cross-sectional area ratios are given different constraints inspired by typical heat 

exchanger concepts. Some heat exchanger types require almost equal cross-sectional area ratio, whereas others 

allow this to vary either slightly or fully. As shown in employed are the same as those used by Hagen et al. 

(2020). 

Table 2, the three cases consider Case 1) a relatively conservative design that restricts cross-sectional area 

ratio to 1.1, Case 2) a design that allows a slightly higher cross-sectional area ratio of 3, and Case 3) a design 

with unrestricted cross-sectional area ratio. As such, Case 1 and 2 could be representative of shell and tube-
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Figure 2: Rankine cycle model 

 

Figure 3: Visualization of the 

generic heat exchanger model 
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based concepts with and without baffles on the shell side, respectively. Case 3 could be representative of plate-

and-fin type heat exchangers similar to clean-gas concepts, but without fins on the gas side (SKJERVOLD et 

al., 2020).  

Only the heat recovery heat exchanger geometries are optimized in Cases 1-3, while the recuperator and 

condenser are given fixed geometries equivalent to the optimization results in the ideal scenario. Since this 

implies a lower number of free optimization variables, Cases 1-3 allow the hydraulic diameters in the heat 

recovery heat exchanger to optimize. However, lower limits are imposed on the hydraulic diameters to reflect 

typical design restrictions. There are also upper limits on channel lengths in the real scenarios. The heat transfer 

and pressure loss correlations employed are the same as those used by Hagen et al. (2020). 

Table 2. Geometrical restrictions imposed on the heat recovery heat exchanger in the different cases 

  "Ideal" heat 

exchanger 

"Real" heat exchangers 

Design parameter Units Case 1 Case 2 Case 3 

Max surface area ratio, 

off-gas/CO2 
- Unlimited 1.0 1.0 1.0 

Max cross-sectional area 

ratio, off-gas/CO2 
- Unlimited 1.1 3.0 Unlimited 

Hydraulic 

diameter 

Off-gas 

CO2 

mm 

mm 

60 

10 

> 20 

> 20 

> 20 

> 20 

> 10 

> 1.0 

Max channel length m Unlimited 15 15 10 

2.4. System optimization 

System optimization involves optimizing operating conditions and heat exchanger geometries simultaneously. 

Two different optimization approaches are used for the ideal and real heat exchanger scenarios. This is because 

we first wish to obtain a relationship between maximized power output and minimum ideal total heat transfer 

surface area (Optimization approach 1, A1). We then wish to pick three points on this curve to determine, for 

the same net power, the minimum required real heat transfer surface area (Optimization approach 2, A2). This 

will show us how much more surface area the real heat exchangers require to produce the same power as the 

ideal heat exchangers. In the real heat exchanger scenarios, optimized recuperator and condenser geometries 

from the first optimization approach are set as fixed input values. The optimization approaches are described 

in more detail in Table 3. 

Table 3. Optimization formulation of the two different optimization approaches  

  A1 A2 

Objective function 𝑊̇𝑛𝑒𝑡 = 𝑊̇𝑒𝑥𝑝 − 𝑊̇𝑝𝑢𝑚𝑝𝑠 − 𝑊̇𝑓𝑎𝑛,1 + 𝑊̇𝑓𝑎𝑛,2  
✓ - 

𝐴𝑡𝑜𝑡 = 𝐴𝐻𝑅𝐻𝐸 + 𝐴𝑐𝑜𝑛𝑑 + 𝐴𝑟𝑒𝑐,  𝐴𝐻𝑋 =
𝐴𝑐𝑜𝑙𝑑+𝐴ℎ𝑜𝑡 

2
 

- ✓ 

Process optimization 

variables 

∆𝑝𝑤𝑓,𝑟𝑒𝑐&𝐻𝑅𝐻𝐸 , 𝑝1, 𝑝4, ℎ4, 𝑚𝑤𝑓, 𝑚𝑠𝑖𝑛𝑘 
✓ ✓ 

HRHE  

optimization 

variables 

𝐿 ✓ ✓  Condenser and 

recuperator  

optimization 

variables 

𝐿 ✓ - 

𝐴𝑐𝑟𝑜𝑠𝑠,ℎ𝑜𝑡 ✓ ✓ 𝐴𝑐𝑟𝑜𝑠𝑠,ℎ𝑜𝑡 ✓ - 

𝐴𝑐𝑟𝑜𝑠𝑠,𝑐𝑜𝑙𝑑  ✓ ✓ 𝐴𝑐𝑟𝑜𝑠𝑠,𝑐𝑜𝑙𝑑  ✓ - 

𝑑ℎ𝑜𝑡 , 𝑑𝑐𝑜𝑙𝑑 - ✓ 𝑑ℎ𝑜𝑡 , 𝑑𝑐𝑜𝑙𝑑 - - 

Equality constraints 𝑝3 − 𝑝3′ = 0,  ℎ3 − ℎ3′ = 0 ✓ ✓ 

𝑊̇𝑛𝑒𝑡,𝑠𝑝𝑒𝑐−𝑊̇𝑛𝑒𝑡,𝑐𝑎𝑙𝑐 = 0 
- ✓ 

Inequality constraints 𝐴𝑡𝑜𝑡,𝑠𝑝𝑒𝑐 − 𝐴𝑡𝑜𝑡,𝑐𝑎𝑙𝑐 ≥ 0 
✓ - 

 𝑇13,𝑐𝑎𝑙𝑐 − 𝑇13,𝑠𝑝𝑒𝑐 ≥ 0,  𝑇3,𝑐𝑎𝑙𝑐 − 𝑇3,𝑠𝑝𝑒𝑐 ≥ 0 
✓ ✓ 

 𝑥4 − 1 ≥ 0,  𝑥5 − 1 ≥ 0 ✓ ✓ 
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HRHE constraint 
[
𝐴𝑚𝑎𝑥

𝐴𝑚𝑖𝑛

]
𝑠𝑢𝑟𝑓,𝑠𝑝𝑒𝑐

 − [
𝐴𝑚𝑎𝑥

𝐴𝑚𝑖𝑛

]
𝑠𝑢𝑟𝑓,𝑐𝑎𝑙𝑐

 ≥ 0 
- ✓ 

HRHE constraint 
[
𝐴𝑚𝑎𝑥

𝐴𝑚𝑖𝑛

]
𝑐𝑟𝑜𝑠𝑠,𝑠𝑝𝑒𝑐

− [
𝐴𝑚𝑎𝑥

𝐴𝑚𝑖𝑛

]
𝑐𝑟𝑜𝑠𝑠,𝑐𝑎𝑙𝑐

≥ 0 
- ✓ 

3. RESULTS 

Figure 4 shows the main results from the analysis. The orange curve illustrates the relationship between 

maximum net power and minimum ideal heat transfer surface area, representing the minimum heat transfer 

surface area required when few geometrical restrictions are imposed on the heat exchangers. The orange curve 

shows that, beyond a certain point, net power flattens out with increasing area. The blue curves show the 

minimum heat transfer surface area required in Cases 1-3 to produce the same net power as the ideal heat 

exchangers. Results show that Case 3 requires approximately the same heat transfer area as the ideal heat 

exchangers. Case 2 about doubles the required area, and Case 3 more than triples the required area.   

 

Figure 4: Net power plotted against heat exchanger surface area in ideal and real heat exchanger scenarios.  

 

Table 4 shows the optimized heat recovery heat exchanger geometries for a net power of 74 kW, i.e. for the 

middle blue curve in Figure 4. The bold values indicate that the given parameter has reached an upper or lower 

limit. Note that in Cases 1-3 the maximum limit on surface area ratio is reached, while the maximum limit on 

cross-sectional area ratio is only reached in Case 1. With the most strict limits on area ratios, e.g. in Case 1, 

diameters and flow areas are almost equal on the hot and cold sides. Note that in general the ratio between off-

gas and CO2 channel diameters is equivalent to the ratio between cross-sectional flow area. The the lower limit 

on CO2 channel diameter is reached in Case 2 and 3. The table also shows overall heat transfer coefficients 

(HTCs), which reflect the required surface areas in the different cases. 

The bottom part of  

Table 4 shows the different contributions to net power, as well as off-gas heat exchanger pressure loss. These 

values show that even though net power is 74 kW in all cases, the expander work, pump work, off-gas pressure 

loss and fan power vary. For instance, in the ideal heat exchanger scenario, a relatively high fan and pump 

work is compensated for by higher expander power output. 

Table 4. Optimized heat exchanger parameters and system performance for a net power of 74 kW 

   "Ideal" heat 

exchanger 

"Real" heat exchangers 

Results   Units Case 1 Case 2 Case 3 
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Heat transfer surface area  m2 539 2040 1160 563 

Overall HTC W×m-2K-1 64.3 16.9 28.7 60.4 

Surface area ratio  

(Off-gas/CO2)  
- 21.8 1* 1 1 

Cross-sectional area ratio 

(Off-gas/CO2)  
- 131 1.10 2.74 21.9 

Hydraulic 

diameters 

Off-gas mm 60.0 32.3 54.8 21.9 

CO2 mm 10.0 29.4 20.0 1.00 

Cross-sectional 

flow area 

Off-gas m2 0.96 1.31 1.06 0.84 

CO2 m2 0.01 1.19 0.39 0.04 

Channel length  m 16.2 12.5 15.0 3.66 

Expander work kW 154 152 151 153 

Pump work kW 74.6 72.7 73.2 73.2 

Fan 1 work kW 17.6 17.2 15.8 17.5 

Fan 2 work kW 11.9 11.8 11.8 11.8 

Off-gas pressure loss Pa 1010 990 910 1000 

*Bold numbers indicate that the variable reached an upper or lower limit in the optimization 

4. DISCUSSION 

Cases 1-3 were tailored to represent different heat exchanger concepts using a generic heat exchanger model 

and by imposing typical design constraints on the heat exchanger geometry. Results show that the evaluated 

cases result in significantly variable performance in terms of heat transfer surface area. Case 1 required about 

three times as much heat transfer surface area as the ideal heat exchanger which had a high design flexibility. 

The increase in area was caused by the restriction on the ratio between cross-sectional flow area on the hot and 

cold sides of the heat exchanger. Case 2 required about twice as much heat transfer surface area as the ideal 

case, representing a significant improvement in performance compared to Case 1. In Case 2, the optimization 

favoured a larger cross-sectional flow area ratio and a larger difference between hot and cold side hydraulic 

diameters. The lower limit on cold side hydraulic diameter and the upper limit on channel length were reached. 

Finally, Case 3 achieved approximately similar performance as the ideal case, requiring only about 4 % more 

heat transfer surface area. In this case, cross-sectional area ratio was unrestricted, and the limit on off-gas 

hydraulic diameter was lower than in Case 2. The constraints in Case 3 enabled much larger differences 

between hot and cold side dimensions, which appears to be favourable for performance. 

5. CONCLUSIONS 

We have developed three cases to investigate and identify key heat exchanger design parameters for 

minimizing the surface area of heat recovery heat exchangers. For each of the cases, both heat exchanger 

geometry and process conditions were optimized to yield maximum net power output. Results show that case 

performance was quite variable, even though the heat recovery heat exchanger was optimized for each case. 

When heat exchanger design was restricted by a conservative cross-sectional area ratio, the heat transfer 

surface area was shown to increase by a factor of three compared to an "ideal" heat exchanger with a high 

degree of design freedom. The case that required the least heat transfer surface area was a design without 

restriction on cross-sectional area ratio between the hot and cold sides of the heat exchanger, and one that 

allows relatively low hydraulic diameters on the cold side of the heat exchanger. Thus, novel concepts for off-

gas heat recovery, for example adapted plate-and-fin type (SKJERVOLD et al., 2020), could be interesting to 

explore in more detail. 
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NOMENCLATURE 

A area (m2) x vapor quality (-) 
h specific enthalpy (kJ×kg–1×K–1) d diameter (m) 
m mass flow (kg×s–1) L length (m) 
p pressure (Pa) T temperature (K) 
𝑉̇ volume flow (m3×s–1) 𝑊̇ electric power (W) 
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