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ARTICLE INFO ABSTRACT
Keywords: An analysis of the end use of energy in the EU reveals that industry is one of the three dominant categories, which
Heat Pipes accounts for 26.1% of the final end use of energy. In the case of the aluminium industry, approximately 70% of

Waste heat recovery
Energy efficiency
Aluminium die casting industry

energy consumption is due to heat and thermal processes, highlighting a vast potential for waste heat recovery
technologies. Within the aluminium die casting industry, liquid aluminium is cast, formed, cooled, and further
processed within a thermal heat process, which includes three sub-processes: solubilising, quenching, and ageing.
In the case presented, a thermal heat process is the second most energy intensive process within the factory, and
the ageing heat treatment furnace accounts for 15% of the thermal heat process. The thermal heat treatment
generates a significant amount of waste heat. The recovery of that waste heat, with minimal risk of cross
contamination between streams and reduced chance of equipment failure, has been achieved via the use of a heat
pipe heat exchanger (HPHE). The HPHE has been designed, manufactured, and installed in the solution furnace
exhaust stack. The HPHE was designed to recover up to 88.6 kW in steady state operating conditions at 400 °C.
The return on investment has been evaluated at 35 months with an expected CO, emissions reduction of 86
tCOy/year when best engineering practices are applied. Furthermore, a theoretical modelling tool to predict the
thermal performance of the HPHE was developed and validated within a +20% deviation from the experimental
results. This paper further presents the development of the theoretical model to allow a characterisation of HPHE
technology and will act as a guideline for the design of HPHEs within the aluminium industry.

completely by waste heat recovery, however it is obvious that the
relative quality of that waste heat in many industries will yield suitable
areas of development and exploitation [7,8]. Miro, Brueckner et al. [9]
studied the cumulative waste heat outputs of 33 countries and high-
lighted the relative potential for energy recovery across 6 main in-
dustries, as shown in Fig. 1. The ETEKINA project addresses a number of
these sectors, but the non-ferrous metal sector is of interest to this paper,
whose share of energy can account for approximately 22% of the pro-
duction costs [10,11].

Brueckner, Miro et al. [12] reviewed a variety of methods used in
estimating waste heat production and highlighted the general avail-
ability of excess high-grade heat, as shown in Fig. 2, where metal pro-
duction and processing is one of the major sources of excess, high grade

1. Introduction

The ETEKINA project (heat pipE TECHnologies for INdustrial Ap-
plications) began in 2017 with the goal of employing heat pipe heat
exchangers (HPHE) in a number of energy intensive industries for waste
heat recovery and targeted recovering 57-70% of the waste heat stream
in those industries [1,2]. The need for such increases in efficiency is
pressing and will allow for both financial and environmental savings in
the industrial and manufacturing sectors, which contribute 26.2% and
15.6% to global GDP [3], respectively. With global emissions returning
to pre-COVID-19 levels of 33.0 GtCOze in 2021 [4], the EU target
reduction of 83-87% CO reduction by 2050 [5,6] cannot be met
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Nomenclature

Symbols Unit

A Surface area m?

A1, Bare area for the heat pipe in the evaporator m?

Ajc Bare area for the heat pipe in the condenser m?

A, Fin area for the heat pipe in the evaporator m?

Ao Fin area for the heat pipe in the condenser m?

c Heat capacity rate W.K™?

Cst Cost £.year™!

Cp Specific heat capacity J.kg~1 . K}

Cr Heat capacity ratio, (C; = Cpin/Cmax) dimensionless

Cy Constant in Rohsenow correlation depending on the
surface-fluid combination dimensionless

D Diameter m

E Energy kWh

g Gravitational acceleration m.s~2

h Heat transfer coefficient W.m2.K!

hy, Latent heat of vaporisation J.kg !

k Thermal conductivity of the heat pipe wall W.m 2 .K~!

K. Equivalent heat transfer coefficient accounts for the
contribution of the pipe walls and evaporation W.m 2.K!

K. Equivalent heat transfer coefficient that accounts for the

contribution of pipe walls and condensation W.m=2.K~!
L Length m

m Mass flow rate kg.s~!

Nyotal Number of pipes

Nu Nusselt number, (Nu = hD/k) dimensionless

Py, Fin pitch m

Pr Prandtl number, (Pr= yuc, /k) dimensionless

Q Heat transfer rate W

R Thermal resistance °C.W ™!

Riime Working hours hr

Re Reynolds number, (Re = pVD/u) dimensionless
SL Longitudinal pitch of the staggered arrangement m
St Transverse pitch of the staggered arrangement m
T Temperature K

U Overall heat transfer coefficient W.m2.K~!

1% Velocity m.s~!

Greek Symbols

A Difference

€ Effectiveness dimensionless

n Efficiency dimensionless

p Density kg.m-3

c Surface tension N.m™!

u Dynamic viscosity Pa.s

X Ratio of pipe pitch to pipe diameter dimensionless
Subscripts

c Refers to condenser section

ci Internal surface of the condenser
co External surface of the condenser
cond Conduction

e Refers to evaporator section

ei Internal surface of the evaporator
eo External surface of the evaporator

exp Experimental

f Fin

h Heat

hp Heat Pipe

HPHE  Heat Pipe Heat Exchanger

l Liquid

L Longitudinal

LM Logarithmic

max Maximum

NG Natural gas

o] Outer

out Outlet

s Wall surface

sat Saturation

T Transverse

theo Theoretical

v Vapour

Acronym

Mpse Mass flow rate Primary Stream (Evaporator of the HPHE)
Mssim Mass flow rate Secondary Stream (Condenser of the HPHE)
Tpst_in Temperature Primary Stream (exhaust), inlet of the HPHE
Tpst_our Temperature Primary Stream (exhaust), outlet of the HPHE
Tsst_in Temperature Secondary Stream (air), inlet of the HPHE
Tsst_owe Temperature Secondary Stream (air), outlet of the HPHE

heat (>350 °Q).

The significance of high grade heat in waste heat recovery is an
important consideration in maximising industrial plant efficiency [13].
Recovery temperatures between 230 and 650 °C generally minimise the
effects of thermal stress on heat exchange materials and surfaces, reduce
emissions (CO,, SOx, NOx and UHCs) but avoid the possibility of cor-
rosive substances condensing in heat exchangers during the heat re-
covery process [14-16]. Waste heat recovery is not limited to reuse
within a process and can also be considered for use in other processes or
as a direct heat source to generate steam for power or heating efficiency
increases [16-18], thus there are a number of areas in aluminium pro-
duction that can be considered for the use of waste heat recovery.

Of particular interest in the non-ferrous sector is that of aluminium
die casting. This activity is energy intensive and requires a heat input in
almost all parts of the typical process. The intensive use of energy in the
sector makes the competitiveness of European companies more chal-
lenging, since energy costs in Europe are typically more expensive than
in other parts of the world where aluminium die casting is undertaken
[10,11,19,20] Therefore, heat recovery is an important consideration.
Whilst direct comparison with most countries in the use of both

electricity and natural gas is possible, it should be noted that the
non-ferrous metal production industry in China relies more on coal as a
primary fuel than natural gas and thus very few comparisons are
possible from a cost perspective. Yanjia and Chandler [21] reported that
oil and natural gas usage in China represented only 5% of the total en-
ergy consumption, with coal (52%) and electricity (43%) being the
dominant energy sources. This is typical of aluminium production,
although natural gas usage in production can be seen to have increased
in the period 2010-2020 [22,23].

In parallel industries, Ros-Dosda et al. [24] assessed 25 existing en-
ergy reduction techniques in ceramics production and assessed, through
Life Cycle Analysis (LCA), that the EU 2050 target can only be met if
both endogenous and exogenous technologies are applied to the
manufacturing process; of the endogenous techniques energy efficiency
of the thermal processes alone would see the greatest CO, reduction.
This general trend is also seen in industries centred around aluminium
die casting where heat recovery is considered a priority for efficiency
increases with additional enhancements in process improvement such as
recycling of material and water reuse being further considered [21,
25-27]. Bonila-Campos et al. [26], in particular, highlight that energy
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efficiency and process improvements are crucial to realise financial and
environmental savings in the aluminium die casting industry.

The non-ferrous metal sector shows an economic and technical po-
tential for the reduction of energy consumption [14,28,29]. The EU
report [28] predicts a possible 22% reduction in energy usage or 21% by
2050. The reductions in these predictions are largely due to a projected
stagnation in the production of aluminium. One aspect of this analysis
which gives credence to the consideration of process waste heat recov-
ery is that the reduction is predicated on the increased use of secondary
(recycled) aluminium which is recognised as being critical to efficiency
increases in aluminium production [22]. This ignores the technical
benefits of energy reduction associated with heat recovery and the
re-use of waste heat which is the focus of the ETEKINA project and which
could lead to substantial additional financial and environmental sav-
ings. The waste heat recovery potential as an energy efficiency measure
applied to the aluminium industry was studied by Brough et al. [17],
who highlighted the potential use of the HPHE in the aluminium in-
dustry, whilst an in-depth study by Egilegor, Jouhara et al. [30] placed
the HPHE under the ETEKINA framework as a method of waste heat
recovery for steel and ceramics manufacturing as well. Simulation
models of processes studied in the ETEKINA project centred around the
recovery of heat from a solution heat treatment furnace to be used in an
ageing heat treatment furnace with an expected energy consumption
reduction of between 50% and 80% in the burners of the ageing furnace,
dependent on burner position, based on the analysis of Bonila-Campos
et al. [26].

In this paper the performance of a HPHE waste heat recovery system,
with a nominal capacity of 89 kW, installed in the thermal treatment
furnaces of aluminium automotive parts is described. Subsequent sec-
tions describe a general oveview of HPHE technology, the waste heat
recovery solution as designed for a low pressure aluminium die casting
facility, and how the solution was implemented. In the final sections, the
main results of the waste heat recovery solution from both an energetic
and economic point of view are highlighted and, finally, the main con-
clusions derived from the implementation are summarised.

2. General overview of the HPHE technology
HPHEs are constructed from a number of independent vertically

mounted “heat pipes” which can be configured to best suit the geometry
of the application that they are to be used in. Typically the heat pipes are
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Fig. 2. Cumulative waste heat quantity showing the availability of heat in various
industries and applications [12].

used in either a staggered or inline array and can be internally config-
ured to contain a number of passes or baffled, as would be expected of a
traditional heat exchanger. Increasing the number of passes typically
improves performance in full-scale heat exchangers with minimal effect
on maintenance [31-34]. A heat pipe and HPHE are shown in Fig. 3.
In the heat pipe, the lower portion is exposed to the “hot” stream and
the upper to the “cold” stream of the process flows. Each pipe is her-
metically sealed and contains a fluid, which can be chosen to have
suitable evaporating and condensing temperatures to complement the
process operating parameters. In operation, the heat pipe allows the
working fluid to transport heat between condenser and evaporator
sections internally without the use of an internal wick, as opposed to
conventional, smaller diameter, heat pipes, which are limited in size and
capacity by capillary pumping pressure [35]. A variety of contributing
factors such as fluid fill ratios, heat pipe inclination and, in particular,
the modelling of geyser boiling within HPHEs has been studied by
Jouhara et al. [36], allowing the processes within the heat pipe itself to
be understood to exact optimum operational conditions, minimising the
effects of heat pipe dry out and keeping heat transfer rates high [37-41].

3. Methodology
3.1. Application concept

The objective of the HPHE system implementation developed under
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Fig. 3. Heat Pipe and HPHE concept.

the ETEKINA project framework and described in this paper is to
improve the energy performance of the non-ferrous metal industrial
sector, represented in this case by a low pressure die casting facility of
Fagor Ederlan S. Coop. The aim is to demonstrate the economic feasi-
bility and the market potential of HPHE implementation in the non-
ferrous metal sectors.

The aluminium knuckles manufactured by the facility are shown in
Fig. 4 and require specific metallurgic properties to comply safely with
their function of connecting crucial automobile components such as
suspension arms, tie rods and wheel bushings. The aluminium knuckles
acquire their specific metallurgical characteristics by being subjected to
progressive heat treatments.

Three heat treatment processes are undertaken as shown in Fig. 5.
The initial treatment consists of heating components to 540 °C in a So-
lution Heat Treatment Furnace (SHTF), following which they are
immersed in a Quenching Tank (QT) and rapidly cooled to 40 °C, finally
the parts are reheated to 160 °C in an Ageing Heat Treatment Furnace
(AHTF). Both furnaces (solution and ageing) are a roller-hearth
continuous type with natural gas fired heating. Components cross the
furnaces in baskets that are moved by rollers. The goal of the HPHE
system is to capture the waste thermal energy of the solution furnace
exhaust fumes and use it in the ageing furnace. Fig. 6 shows the layout of
the HPHE system.

The HPHE specifications were based on measured flow rates and
temperatures of the exhaust gases of the solution furnace and mea-
surements of the ageing furnace gas consumption. The HPHE was
designed to operate at high secondary stream temperatures, with no
cross contamination, a high heat transfer to plant footprint ratio and
high controllability of its performance. The HPHE unit was designed to
recover 89 kW based on 1791 kg h™! of exhaust fumes at 400 °C and a
secondary stream flow rate of 1802 kg h™! at 145 °C.

Fig. 4. Automotive aluminium parts manufactured by Fagor Ederlan S. Coop.

3.2. HPHE design

The designed HPHE was manufactured and integrated in the low
pressure die casting plant of Fagor Ederlan. S. Coop. The HPHE design
for this application is an air to air crossflow HPHE. The evaporator
section, located at the lower section allows the recovery of heat from the
exhaust flow. The inlet for the upper section is air from the ageing
furnace, recirculated at the inlet of the ageing furnace. The heat
recovered from the evaporator is subsequently transferred to the heat
sink fluid via the condenser section. An illustration of the HPHE can be
seen in Figs. 7 and 8.

The HPHE comprises 310 heat pipes installed in a staggered
arrangement. Two working fluids are employed in the heat exchanger
bundles: distilled water and Dowtherm™ as shown in Fig. 9. Splitting
the HPHE into two sections allows for a much higher temperature output
as the maximum working temperature of the Dowtherm™ heat pipe
bundle is higher than that of the water heat pipe bundle.

3.3. Theoretical modelling

The HPHE transfers heat from the hot exhaust stream to the cold air
stream through the heat pipes. Each heat pipe transfers heat indepen-
dently, acting as an individual heat exchanger. Heat is transferred from
the exhaust stream to the outside of the heat pipe wall predominantly by
forced convection. The heat then transfers to the inner side of the wall by
thermal conduction. As a result, the saturated liquid in the heat pipe
evaporator boils and the vapour flows to the condenser, due to a small
pressure difference between the evaporator and the condenser. The
saturated vapour condenses at the condenser, releasing heat to the inner
side of the condenser wall. The heat then transfers to the outside of the
wall by thermal conduction. Finally, heat transfers from the outer
condenser wall to the air by forced convection. The heat transfer process
can be modelled as a series of thermal resistances, analogous to elec-
trical resistances, as illustrated in Fig. 10, where the main driving force
is the temperature difference between the exhaust gas stream and the air
stream.

The total thermal resistance of a single heat pipe, Ry, can be ob-
tained by Ref. [42]:

Ryp =Reo + Reond_e + Rei + Rei + Reona_c + Reo @

where R, and R, correspond to the forced convection heat transfer
resistances at the evaporator and condenser. Rgong_ and Ronq_c are the
wall radial conduction at the evaporator and condenser. R,; and R,
represent the boiling and condensation resistances of the heat pipe



H. Jouhara et al.

Aging Heat Treatment Furnace:_- Quenching Tank
....... » Gauge H
¥ Burner
O Batch Section
[ Burner Section
—— Furnace Chamber

......... » Basket Flow

v

P
P S

A

===

Solution Heat Treatment Furnace

Pt
PR
P

y
=+ o x x

P
L

Temperature profile
AHTF

stock SHTF
@ soooc] ! [
S 480°C :
e
© 360°C
Q 240°C
£ 1200¢
& ot

time

Fig. 5. Scheme of heat treatment process.

i —
il
B
| |4

Quenching

Solution Heat Treatment Furnace Tank Ageing Heat Treatment Furnace

Energy 266 (2023) 126459

Fig. 6. Layout of the WHR system based on a HPHE applied in thermal treatment furnaces of aluminium automotive parts.
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Fig. 10. Two-phase working cycle of a heat pipe and its corresponding thermal resistance model.

(K-W™1), respectively. The boiling and condensation resistances are with R being the thermal resistance (K. W), h the heat transfer coef-

obtained from the relation between thermal resistance and the heat ficient (W.m 2. K ‘1), and A the heat transfer surface area (m?).

transfer coefficient, as follows: The heat transfer coefficient for boiling is obtained from the corre-
lation provided by Rohsenow [43], which is recommended for a wide

R— 2 range of applications [44]:

1
hA
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(T —T) 3)
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(Csf'hfﬁ'P')Il)

hboiling =H 'hfg

[&(/)1; Pv)}

where y; is the liquid dynamic viscosity (Pa.s), hy is the latent heat of
vaporisation (J.kg™1), g is the gravitational acceleration (m.s2), p and
p, are the liquid and vapour densities (kg.m_B), o is the working fluid
surface tension (N.m 1), Pr; = u;Cp1/k is the liquid Prandtl number, Cp
is the specific heat capacity (J.kg~*. K1), k; is the thermal conductivity
of the liquid (W.m L K™D, Cy is a constant depending on the surface-
fluid combination which is 0.0132 for this heat pipe material-working
fluid combination design, and T,; and T, are the evaporator inner wall
side and the saturation temperatures (K), respectively.

The heat transfer coefficient for condensation is calculated using the
Nusselt [45] correlation [46]:

_ 391/4
Heomdonanon 0943 | P11 L)k @
ﬂ[Lr(Txut - Tci)

where p; and p, are the liquid and vapour densities (kg.m-3), hy, is the
latent heat of vaporisation (J.kg-1), g is the gravitational acceleration
(m.s-2), k; is the thermal conductivity of the liquid (W.m-1. K-1), ; is the
liquid dynamic viscosity (Pa.s), L. is the condenser length (m), and T,; is
the temperature of the condenser wall (K). The radial conduction re-
sistances of the walls at the evaporator and condenser are given as fol-
lows:

Reona = ln(DU /Dl) / (Z”Lf‘kf) (5)

Recona=In(D, / D;) / (27L.k,) ©)

D, and D; represent the external and internal diameters of the heat
pipe (m), respectively. k. and k. are the wall thermal conductivity (W.m-
1. K-1) at the evaporator and condenser, respectively., and L, and L, are
the evaporator and condenser lengths, respectively (m).

The forced convection resistance at the evaporator R, and
condenser R, ., can be obtained by calculating the corresponding forced
convection heat transfer coefficients and corresponding heat transfer
area, then using Eq. (2). To determine the forced convection heat
transfer coefficient of each pipe, the correlations by Zukauskas [47-49]
can be used:

4\ 0.2 0.18 —0.14 0.25
Nu= hl—',mnveclionDo =0.192 L ﬁ ﬂ Reo_55 P}“O‘}() ﬁ
k 7 D, D, Pr,

()

where Nu is the Nusselt number, hr conyection iS the forced convection heat
transfer coefficient (W.m-2. K-1), k is the thermal conductivity of the
fluid (W.m-1. K-1), y; is a ratio of transverse pitch to pipe diameter, y; is
a ratio of longitudinal pitch to tube diameter, Pg;, is the fin pitch, Hy is
the fin height. Re is the Reynolds number, Pr and Pry are the Prandtl
number of the flow and the Prandtl number at the surface temperature,
respectively.
¢ and y; are given by:

._St

Y 7D, ®)
.S

n=2 ©

0

Sr and S; are the transverse pitch and longitudinal pitch of the
staggered heat exchanger (m).

The overall heat transfer area of the heat pipe for forced convection
is calculated as follows:

AI’O :Aw,bare + ”mAw.fins (10)

Aco :Aco,bare + ”g(,Aco,ﬂns (1 l)
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where Ag pare and Acopare are the evaporator and condenser outer bare

areas, respectively. A, fins and A, fins are the fin surface areas and 7, and

1., are the fin efficiencies at the evaporator and condenser, respectively.
The fin efficiency can be calculated from Ref. [50]:

- tanh (mf,-,, . Yﬂ")

12

mﬂn ~Yfin ( )
where
2hF .convection

in = ‘ 13

my; kfin Yin as)
Tin D, in

Yo = (Hfin +f7) [1 +0.351In <D—[>} a4

where kg, is the thermal conductivity (W.m L. K1) of the fins and tfin
(m) is the fin thickness. Therefore, the HPHE can be modelled based on
the electrical analogy approach as presented in Fig. 11.

The heat recovery of the HPHE can be determined from the following
equation [51]:

ATy

Rypur

(15)

where Rppyg, total is the overall thermal resistance of the HPHE. ATy, is
the logarithmic mean temperature of the inlet and outlet of the flue gas
and air streams, which can be calculated for a counter flow heat
exchanger from Ref. [52]:

T; ue gas,in Tair.au — (T ue gas.out Tair.in
a7,y = | s Tﬂ',) - Erﬂ — ) 16)
In (Tﬂw p” —T)
Eq. (15) can be written in a different form as follows:
Q=UAATy a7

where UA is the HPHE overall conductance (W~K’1).
Based on the electrical analogy in Fig. 11, the total thermal resistance
Rypur of the HPHE can be obtained from the following equation [53]:

1 1 1 1 1
RHPHE B th.l + th,Z -t th.n—l th.n (18)
where R is the thermal resistance (K-W’l), the subscripts hp refers to
heat pipe, and n is the number of heat pipes within the heat exchanger.
Assuming that the heat pipe resistance is equal for all the heat pipes, the
overall thermal resistance Rypyg of the heat pipe heat exchanger can be
expressed as:

Ry

Miotal

19

RHPHE =

with Ry, the average thermal resistance of a heat pipe (K-W™1), and n the
number of heat pipes in the heat exchanger.
The heat transfer rate can be calculated from:

O = 1M4irCp air (Tair.in - Tair,aul) (20)

A heat exchanger is evaluated by its effectiveness which is the ratio
of the actual heat transfer rate to the maximum theoretically possible
heat transfer rate.

The effectiveness (¢) of the HPHE is given by the following expres-
sion [54]:

Quir
Qmax

Quir is the actual heat transfer rate recovered (W), and Q. is the

2D

EHPHE =



H. Jouhara et al.

|
‘ Hot stream, Inlet -
y

Heat Pipe based Heat Exchanger

Energy 266 (2023) 126459

]l',out ]l, in

]

R11p,3 erp,n-] Rbp,n

7;,’ JiT ];1, out

Fig. 11. Thermal electrical analogy of a HPHE.

maximum possible heat transfer rate (W). The maximum heat transfer
rate achievable by a heat exchanger is dependent on the inlet temper-
atures of both fluids and of the minimum heat capacity rate of the fluids
as follows:

Omax = Coin (T gasin —

In this expression, C;, is the minimum heat capacity rate (W~K’1),
and Tpue gasin and Tz in are the inlet temperatures of the flue gas and air
streams, respectively. Eq. (22) shows that the maximum heat transfer
achievable is the case where the fluid with minimum heat capacity
reaches the temperature of the other fluid. Indeed, the heat capacity rate
indicates the capacity of a fluid to increase its temperature for a given
heat transfer rate. In this study, the fluid with minimum heat capacity
rate was the air. Thus, the minimum capacity rate C;, can be written as:

(23)

Tovin) 22)

Cm[n = ma[VCP,Ll[r

where my; is the air mass flow rate (kg.s‘l), and Cp 4;r is the specific heat
capacity of air (J.kg~*. K™1).

3.4. Implementation of the waste heat recovery solution in Fagor Ederlan
S.Coop

The designed HPHE is located on a platform between the two fur-
naces investigated. The location of the HPHE can be seen in Fig. 12.

The HPHE is connected into the system according to the diagram in
Fig. 13. Exhaust gases are extracted from the solution furnace stack
through a bypass system, installed to isolate the HPHE in case of

maintenance. The exhaust is then subjected to an air dilution valve in
order to control the temperature entering the evaporator of the HPHE.
The exhaust is then returned to the ageing furnace stack. On the
condenser side, air is extracted from the last section of the ageing
furnace. The air is then injected into the condenser section of the HPHE,
the hot air is then reinjected on the first section of the ageing furnace
where most of the heat is required.

Preheating loops were also installed to heat the air in the condenser
section prior to injection into the solution furnace for a HPHE start at
cold (i.e. after a maintenance cycle). Safety systems such as temperature
control and bypass are also included.

As shown in Fig. 13, thermocouples were placed at various locations
of the HPHE system. K type thermocouples were placed at the inlet
(Tpst 1n) and outlet (Tpst our) Of the evaporator section to measure the
amount of heat extracted from the exhaust. A similar setup was also used
on the condenser section to measure the amount of heat transferred to
the heat sink (Tsgst 1n and Tsg¢ out). Three thermocouples were placed on
the first row of the Dowtherm™ section and on the water section using
thermowells to ensure that the temperature of the heat pipes in each
section does not reach the critical working temperature, respectively.
Other temperature sensors were placed at various locations of the sys-
tem such as in the bypass system, in the recirculation system and at the
outlet of the solution furnace.

Pitot probe sensors were also placed in each stream to measure the
gas flow rates in the exhaust (mpsy) and heat sink (mggy,) sections.
Finally, pressure sensors were also placed at the outlet of the solution
furnace to ensure that the HPHE does not have any impact on the
operating pressure of the furnace. Indicative locations of these sensors

Fig. 12. Photo of the WHR system based on HPHE installed in Fagor Ederlan S. Coop.: a) solution heat treatment furnace; b) HPHE; c) ageing heat treatment furnace.
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Fig. 13. P&ID of the HPHE installation.

Fig. 14. Photo of the waste heat recovery system where the pitot, to measure
the secondary stream velocity, and the thermocouple, to measure the secondary
stream outlet temperature, can be seen.

can be seen in Fig. 14.
3.5. Method of data analysis

3.5.1. HPHE heat loss to the ambient

In order to check that all variables were correctly measured, and that
the energy balance is met, thermal losses from the HPHE external sur-
faces were estimated assuming four different thermal zones: evaporator
inlet zone, evaporator outlet zone, condenser inlet zone and condenser
outlet zone, as shown in Fig. 15.

The radiative and convective thermal losses from the HPHE external
surfaces are estimated following the next equation

Olosses = ORad_tosses T QConv_losses 24

The radiative thermal losses are calculated for each of the four zones
by the equation:

HINGED DOOR PANELS
BOTH SIDES

Fig. 15. Four zones of the HPHE external surface.

4
ORad_losses = Z [Al ecece (Ti4 - Tamb“)} (25)

The convective thermal losses for each of the four zones are calcu-
lated by the equation:

4
Oconv_losses = Z[Ai oh e (Ti—Tum)] (26)

where.

A, is the external surface of each zone (m?).

o, Is the Stephan-Boltzmann constant 5.6696x10 8 W m ™2 K*

T; is the surface temperature of the external surface of each of the
four HPHE zones (K).

Tamb is the ambient temperature; h is the convective heat transfer
coefficient.

3.5.2. Mean efficiency of heat recovery
The instantaneous recovery efficiency in the primary side was
calculated based on the following Equation:
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- Tuur)
Mlevap * Cp % (T — 25)

Meygp * Cp * (T,

E—= (27)

where the ambient temperature is assumed to be 25 °C.

3.5.3. Total thermal energy recovery

The instantaneous power is multiplied by the time step which comes
from the data acquisition frequency and thus the instantaneous thermal
energy recovered (MWh) is calculated. The total thermal energy
recovered in the monitored period is obtained by summing all the
instantaneous values.

3.6. Return on investment calculation

It is a necessity for emerging HPHE technology to have a reasonable
return on investment (ROI) in order to be widely adopted. Previous use
of this methodology for a similar application has been reported in
Ref. [55]. This section deals with a ROI analysis of the installed exhaust
to air HPHE unit to determine the potential payback. ROI measures the
gain or loss generated on an investment relative to the amount of money
invested and is typically seen as a percentage per year or the amount of
time taken to break even, shown by Equation (28). This unit was
installed as part of a research project so unnecessary R&D costs have
been removed to give an indication of a commercial sale.

Cumulative Cash Flow

ROI =
Annual Net Benefit (ANB)

(28)

For this design, costs have been attributed to initial capital and
ongoing installation, operational and maintenance costs. Cumulative
Cash Flow is considering the total system cost (HPHE and installation
cost). Annual Net Benefit (ANB) is the savings attributed to the instal-
lation, in this case, reduced energy consumption and reduction in carbon
emissions minus operating and maintenance costs and additional oper-
ating expenditures like increased electricity, described by Equations (29-
34):

ANB = Csuea_nG + Ccor_emissions_saved — Ep — Cosm (29)

where:

Coaved_NG = PONG_savea X CnG X Riime e (30)
and

Ccoa_emissions _saved = Mc02_saved X Ccoa_emission (€2D)]
and

Ep=Cr X Op X Riime nrre (32)
and

POxG_savea = @ X Effoin (33)
and

mcoa_saved = P Q'NG,W X Fng (€D)]

Table 1 describes the description, symbols, and units for the ROI
calculation. The energy costs used for the ROI calculation have been
taken from the quarterly reports on European gas and electricity markets
performed by the European Commission for Q1 2022 [56,58],
respectively.

The capital cost of the HPHE was €52,151. Installation costs were at a
value of €101,726. €600 a year maintenance costs were assumed other
than in years 5 and 10, when they were €2368. Annual energy cost in-
creases and annual inflation of 2.5% were assumed. Results of the ROI
calculation are shown later in Section 4.2.
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Table 1
Description, symbol, value and units used to determine ROL
Description Symbol Value Unit
Reduction in natural gas saving  CSayed NG PQnG,saved X eyr !
CnGXRiime, HPHE
Total CO2 cost saving Ccoz emissionsaved ~ MCO2_saved X €yr
CCOZ_emLssion
Parasitic load energy cost Ep Crrx QpXRiime, €yr !
HPHE

Cost of maintenance Coem €.yr 1

Primary energy savings PQNG,sav *QEffpen MWh

Natural gas cost Cne 97 [56] €.MWh-1

Working hours of the system Riime, HPHE 5100 hr.y-1
per year

Mass of CO2 emissions Mco2 saved PQnG,saved X Fng tcozeq-
prevented y !

CO, emission cost Ccoz emission 89.52 [57] €.tCO2e-

1

Electrical energy cost Cgl 201 [58] €.MWh-1

Additional electricity load Qp kw

Thermal power recovered by mx Cp X (Thjn —  J.s-1 (W)
the HPHE Thou)

Conversion factor to determine  Fyg 181 kgcoa-
weight of natural gas saved MWh™!
per MWh

Well-to-tank emissions factor Effpen 1.01 -

4. Results and discussion
4.1. Performance of the waste heat recovery solution

In the following, the performance of the waste heat recovery solution
is shown for the 6 months in which data have been collected up to now
with a total operating time of the system of 1893 h. That is, except for
occasional stops, the facilities (the solution furnace, the ageing furnaces
and the ETEKINA HPHE heat recovery system) have been in continuous
operation from Monday to Friday and, in some cases, until Saturday
noon. The furnaces carried out a planned shutdown at Christmas to carry
out maintenance operations and it has also stopped for a few days for
production reasons.

In the period monitored (1893 h), the system has registered a ther-
mal energy recovery of 166 MWh on the primary side; instantaneous
measurements of the waste heat stream inlet and outlet temperature
(Fig. 16) and of the flow rate (Fig. 17) are used to calculate the instan-
taneous power (kW) recovered from the waste heat stream (Fig. 18) (see
Fig. 19).

The mean efficiency of the heat recovery has been 48% in the
monitored period.

Table 2 provides a comparison between the data used for the design
of the HPHE and the averaged data monitored during 6 months. The
actual flow rate of the exhaust has been slightly lower than the design
value. In the case of the secondary stream, the actual flow rate is close to
the design value.

The primary stream temperature at the inlet of the HPHE evaporator
was the same as expected during the design of the HPHE. The primary
stream temperature at the outlet of the HPHE evaporator was 8% lower
than expected during the design of the HPHE and the primary flow rate
was also 10% lower. Transferred power at the primary stream results are
as expected. The measured temperature of the secondary stream at the
inlet of the condenser was much higher than the design value; this
adversely affected the HPHE performance since there was a lower
temperature difference between the primary and secondary streams.

The total unit duty was designed for a heat recovery rate of 89 kW,
but operates at approximately 61 kW. The difference observed is mainly
due to leaks through the diverter valve and due to thermal losses from
the HPHE external surface. The leaks in the diverter valve mean that part
of the secondary stream returns back to the HPHE inlet, bypassing the
solution furnace. Therefore, less energy goes into the solution furnace
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Fig. 17. Primary and secondary flow rates measured during the monitored period.

and, at the same time, the HPHE air entry temperature increases.
Therefore, the heat transfer in the HPHE is diminished due to a lower
temperature difference between the hot and cold streams.

Deviations in the stream flow rates were observed as being due to
problems identified with a diverter valve and a valve installed at the
outlet of the ageing furnace. Failures in the diverter valve activated the
bypass valve and, consequently, the primary stream flow rate fluctuated
during certain periods. On the other hand, problems with the valve
installed at the outlet of the ageing furnace reduced the secondary
stream flow rate. Leaks in the valves seem to be the major reason for
these problems, as the valves installed seem not to be totally reliable
after having run a long period at high temperature.

Additionally, it was observed that some parts of the waste heat re-
covery system were initially uninsulated (solution furnace outlet, HPHE,
diverter valve and 2-way valve) and this was only rectified at the very
end of the monitored period, causing an increase in the inlet tempera-
ture to the waste heat recovery system (blue line in Fig. 16).
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Despite these factors, the impact of the waste heat recovery solution
on the natural gas consumption of the ageing furnace is clearly seen in
Fig. 20, which shows the daily natural gas consumption of the ageing
furnace. The variation between the different green points comes from
the variation in production. The number of parts that are treated each
day are not consistent, for example, they have differing geometry and
weight. Therefore, the energy required for the thermal treatment is not
the same either. However, two different levels of natural gas consump-
tion can be identified in the Figure. During the two periods with a lower
natural gas consumption, the HPHE was working correctly. In the period
with a higher natural gas consumption, one of the valves of the waste
heat recovery installation broke down and thus there was no waste heat
recovery. The Figure clearly shows that almost 50% of the ageing
furnace gas consumption is saved when the waste heat recovery system
is working.

Table 3 summarises the most significative results obtained during the
monitored period from an energetic point of view. The monitored period
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the system worked was 1893 h. However, for the energy analysis, 885 h

'é‘able 2. between desien data and itored dat have been considered as representative of a good system performance,
omparison between design data and monitored cata. this being days when issues with the valves did not occur. Annual esti-
Design Data Real Data mations carried out, extrapolating the energy performance results ob-
Mass flow rates tained during those 885 h to the 5100 working hours that could be
Exhaust, kgl-hr’1 1791 1623 expected per year, are also included in Table 3. Finally, Table 3 also
Air, kg-hr 1802 1762 includes the results that could be expected when best engineering
Temperatures i lied, such an insulation of the HPHE and the ducti
Exhaust entry, °C 400 400 praf:tl.ces are applied, such an insulation of the and the ducting,
Exhaust exit, °C 240 220 optimised valve sizing, higher tightness check of the exhaust and hot gas
Air entry, °C 145 199 line. 476 MWh of natural gas savings could be expected per year and a
Air exit, °C ; 317 303 reduction of CO, emissions of 86 tonnes per year.
Heat recovere . . . . . .
Total unit duty, kW 8.6 61 From the results obtained during the applicable rnomto.red period, it
can be observed that the thermal power recovered by the primary stream

was 97 kW, while the thermal power transferred to the secondary stream
was 61 kW. Based on the external surface areas of each zone (evaporator
inlet and outlet zone external surfaces of 3.64 m? and condenser inlet

12
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Fig. 20. Ageing furnace gas consumption (Nm3. day 1)

Table 3
Main results of the waste heat recovery system from an energetic point of view.

Data extrapolated from
real measurements

Expected results for
Best Engineering

Practices
Exhaust fumes power referred  0.203% 0.203
to 25 °C, MW
Available energy in the 180" (885 h) 1035 (per year)
exhaust, MWh
HPHE primary efficiency, % 48 48
Thermal energy recovered by 86 (885 h) 496 (per year)
primary stream, MWh
HPHE secondary efficiency, % 63 96'
Thermal energy transferred to 54 (885 h) 476 (per year)
secondary stream, MWh
Facility efficiency, % 62 90°
Thermal energy transferred to 34
furnace, MWh
Operating hours during 885
monitored period, h
Expected annual working 5100 5100
hours, h.year
Annual thermal energy 196 428
transferred to furnace,
MWh.year !
Annual primary energy 218¢ 476
savings from Natural Gas,
MWh.year !
Annual CO, emission 39,5° 86°
reduction, TnCOz.yeaf1
Annual electricity 50.85 33.66"

consumption, MWh.year !

# Average power (blue line in Fig. 18).

b Average power (blue line in Fig. 18) X 885 h.

¢ Average power (grey line in Fig. 18) X 885 h.

4 Conversion factor (natural gas to primary energy. LHH = 0.9 *HHV).

¢ Conversion factor to determine weight of natural gas saved per MWh, 181
kgcoz- MWh 1,

f By improving the system insulation and improving the diverter valve
performance.

& By improving the system insulation and by optimizing the control strategy.

" By optimizing the fans size and by adding speed controllers.

and outlet zone external surfaces of 4.085 m?) and using local temper-
ature measurements made on each zone representative of four surface
points (evaporator inlet zone temperature, 248 °C; evaporator outlet
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zone temperature, 148 °C; condenser inlet zone temperature, 138 °C and
condenser outlet temperature, 132 °C), assuming a conservative value of
emissivity of 0.7 as the HPHE is covered by a metallic paint and
considering a value of 7 W m~2 K~! as convective heat transfer coeffi-
cient, the thermal losses from the HPHE external surface were estimated
using Equations (25) and (26). The estimated thermal losses reach a
value in the region of 35 kW, which is approximately the difference
between the thermal power recovered by the primary stream (97 kW)
and the thermal power transferred to the secondary stream (61 kW).

4.2. Economic analysis

The economic analysis and the calculation of the ROI are based on
the performance expected from the HPHE once best engineering prac-
tices are applied (3rd column in Table 3). 93 kW could be expected to be
transferred to the ageing furnace, resulting in 476 MWh.year ! of nat-
ural gas savings. In consequence, an annual reduction of 86 tons of CO,
could also be expected. In addition, an annual electricity consumption of
33.6 MWh.year ! could be expected due to the fans installed in the
waste heat recovery system. Considering a gas price of 97 €/MWh [56],
a CO2 emission cost of 89.52 €.Tn"! [57], an electricity price of 201
€/MWh [58] and the unit, installation and maintenance costs mentioned
in Section 4.1, the expected ROI of the waste heat recovery system is 35
months. A spread of the cash flow can be seen in Fig. 21.

Further details on the calculation can be found in Table 4.

4.3. HPHE performance during steady state process operation

The data were collected for a duration of around 18 h of a steady
state operation of the processes. The experimental measurements of
mass flow rates of exhaust and air are presented in Fig. 22. The exhaust
mass flow rate was around 1676 kg h™?, while the air mass flow rate was
approximately 1772 kg h™1. The inlet and outlet temperatures of the
exhaust flue gas and the air stream measurements are shown in Fig. 23.

It can be observed that the air outlet temperature variation was
synchronised with variations of the air inlet temperature but with
smoother peaks. The exhaust inlet temperature was 400 °C while the
outlet temperature was 215.9 °C. The air inlet temperature was
194.7 °C, and the outlet temperature was 342.6 °C. It can be noticed that
the air outlet temperature was higher than the exhaust outlet tempera-
ture as a result of the counter-current design of the HPHE considering
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Fig. 21. Cash flow of installation.

Table 4
Expected results for Best Engineering Practices.

Expected results for Best
Engineering Practices

Annual primary energy savings from Natural 476
Gas, MWh.year !
Annual gas natural savings, €.year ! 44,555
Annual CO2 emission reduction, TnCO2. 86
year’1
Annual savings in the CO2 emission cost, €. 7698
year’1
Annual electricity consumption, MWh.year ! 33.66
Annual electricity cost, €/.year ! 5680
HPHE unit cost, € 52,151
Installation cost, € 101,726
Maintenance cost, €.year’1 600
RO, years 35 Months
Streams mass flow rate
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Fig. 22. Experimental mass flow rates of exhaust and air streams.

that the air and the exhaust had similar flow rates and specific heat
capacity.

The heat transfer rate from the exhaust and heat transfer rate to the
air are presented in Fig. 24. It can be observed that the heat transfer rate
from the exhaust was around 95 kW while only 54 kW was absorbed by
the air stream. A HPHE is a system that transfers all the heat absorbed
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when it is functioning properly. Hence, the difference in heat between
the two streams was transferred to the ambient as heat losses by radi-
ation and natural convection. This clearly highlights the importance of
insulation to minimise the heat losses and maximise efficiency.

4.4. Theoretical modelling results

In order to predict the thermal performance of the HPHE, the average
experimental values of 18 h measurements were input into the theo-
retical model. These included the inlet temperatures and flow rates into
the HPHE of both the flue gas exhaust and the air. The thermal perfor-
mance prediction of the HPHE includes the outlet temperatures of the
exhaust and air streams in addition to the heat recovery rate and thermal
effectiveness. The experimental and theoretical predictions of the outlet
temperatures of the flue gas and air are illustrated in Fig. 25. The
theoretical model predicted an outlet temperature of the exhaust at
246.2 °C while the average experimental outlet temperature was
216.1 °C. Furthermore, the predicted air outlet temperature was
350.5 °C while the experimental one was 300.4 °C. Furthermore, both
exhaust and air had similar temperature trends since the heat capacity
rate was similar, while both streams had outlet temperatures lower than
the predictions. This indicated that the deviation between the pre-
dictions and the experimental values was due to the heat losses from the
HPHE by radiation and natural convection in addition to the accuracy of
the correlations used in the model.

The predicted heat recovery rate by the model was 79.7 kW while the
total heat transferred from the exhaust was 95.3 kW and the overall heat
gained by the air stream was 53.7 kW as shown in Fig. 24. It can be
noticed that deviation between the theoretical model and the heat
transfer from the exhaust is around 20% since the prediction tool does
not account for heat losses and assumes the HPHE with the streams is an
adiabatic system. In addition, the modelling tool assumes that the flow
rates are constant and neglects the fluctuations on stream inlet tem-
peratures. The effectiveness of the HPHE based on the heat recovery
predicted was 79.4% while it was around 56.5% based on the heat
recovered by the air. The modelling tool prediction accuracy can be
further improved by accounting for heat loss calculations. However, it is
vital to insulate the external case to enhance the HPHE recovery to the
maximum possible value and improve the overall system efficiency.
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Fig. 24. Heat transfer rate from exhaust stream and to the air stream.

5. Conclusion

A HPHE was installed to recover heat from a solution heat treatment
furnace used within the aluminium industry and was investigated
experimentally and theoretically. The HPHE installed in the plant
recovered 97 kW from the exhaust stream of the furnace, from which 61
kW was transferred to the secondary stream.

The study highlights the development of a novel and industry ready
technology as the installed HPHE currently has a ROI of 35 months,
which highlights the success of heat pipe technology within the
aluminium industry. In the case presented, the expected primary energy
reduction at the ageing furnace could be expected to be 476 MWh.
year~! with an estimated CO, emissions reduction of 86 tCO,. year
when best engineering practices are applied.

The theoretical model which was developed to predict the thermal
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performance of the HPHE showed a heat recovery of 79.7 kW with a
20% deviation from the experimental results. The development of the
theoretical model provides an analysis for evaluating the HPHE tech-
nology and accessing the replicability potential. The model can be
adjusted for a variety of operational conditions, temperatures, and the
design of a HPHE unit. This can allow the rapid expansion of HPHEs
within the aluminium industry, which can further lower greenhouse gas
emissions. The accuracy of the HPHE model could be improved by
implementing the heat loss calculations within the prediction. Using the
current validated modelling tool, the system could also be applied to
various industrial sites where the implementation of waste heat recovery
techniques is needed. Other consideration in the presented work will
need to be further investigated such as fouling handling or condensation
of exhaust gases. Indeed, the presented scope aimed to achieve waste
heat recovery from an exhaust with low particulate and low water
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Fig. 25. Comparison between the experimental and theoretical temperature predictions using the modelling tool.

content. However, some industrial cases will require condensation of the
exhaust, recovering the latent heat of evaporation, causing acid and
water to condense on the heat pipes. The same can be said about fouling.
There is currently very limited research done through this approach to
waste heat recovery.

It is also important to highlight that the ETEKINA project has allowed
the novel application of HPHE technology in process industries where
traditional heat exchangers have failed. The success of the ETEKINA
project is expected to be a reference for future applications of this
technology.
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