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ACCEPTED MANUSCRIPT

Highlights

e New analytical method to find the optimal insulation thickness in refrig-

erators.

e The method is suitable for both single and dual compartment confi

tions.

e The method can provide the optimal configuration for a

efficiency index.

e Vacuum insulation panels can be easily included in % ation strat-
egy.

e Method extended considering the ventilatio clearance behind the

unit.

3
oé(/
v



A simple optimization approach for the insulation
thickness distribution in household refrigerators

F.X. Trias*, C. Oliet, J. Rigola, C.D.Pérez-Segarra

Heat and Mass Transfer Technological Center (CTTC), Technical University of Catalonia,
¢/Colom 11, 08222 Terrassa, Spain

Abstract

Determination of the optimal insulation thickness is of great'relevance in many
thermal engineering applications. In this paper, a simple‘eptimization strategy
based on the Lagrange multipliers is presented. The optimal set of thicknesses
is analytically found for different constraintsiand“ebjective functions of inter-
est for the refrigeration industry. Namely, the minimization of heat losses in a
single compartment with fixed internal and external volumes and the optimal
configuration for a prescribed energy efficiency index. Then, these two basic
problems are extended for configurations with two compartments, e.g. domes-
tic refrigerators-freezersgand for configurations with vacuum insulation panels.
Optimization problems for xealistic configurations show the great potential of
the proposed methodoelogysfor industrial refrigeration applications.
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ACCEPTED MANUSCRIPT

Nomenclature
A area [m?]
A set of areas [m?]
AV corrected volume [L]
BI built-in volume correction factor [—] Q
¢ condenser clearance [mm] \
CC  climate class volume correction factor [—]
CH  volume correction factor [kWh year~!]
COP Coefficient of Performance Q
d insulation thickness [mm)] %
set of insulation thicknesses [mm)] 0
E; energy efficiency index [—]
FF frost-free volume correction fact%
k thermal conductivity [Wm
k set of thermal conductiviti
M volume correction
N volume correction fac
Q heat losse
S total b rfaces [—]
T temperature (K]
Vv olume [L]
VI cuum-insulation panel

e

AT

mbols

fraction of internal volume corresponding to the refrigerator [—]

thermal gradient [K]

AT  set of thermal gradients [K]
A Lagrange multiplier [Wm3]
Subscripts



ext external
1 number of surface
int  internal

opt  optimal

Supercripts
6 properties associated with the vacuum-insulation panels

(-) equivalent properties associated with the vacuum-insulation panels

1. Introduction

The worldwide challenge to address global warming threat is affecting all
human kind activities, in particular those with.a relative importance in terms of
energy consumption. Among them we can identify buildings as a key consumer
in terms of energy [13], and within, them the vapor compression systems in
general [2] and the domestic refrigerator [12]\in particular as dominant electricity

consumers.

As in other appliances, the competitive race to obtain the most energy ef-
ficient refrigerator hias been'driven by public awareness on the environmental
issues, but at the same time articulated by the use of Energy Labeling mea-
sures. As reportedyin Ref. [7], the energy labeling measures are steadily in-
creasing, around the world, covering new appliances, but keeping the domestic
refrigerator as the widest covered device. As a consequence of this social /market
frameworky the domestic refrigerator manufacturers need to adapt to the situa-
tion, developing new products with higher efficiencies, while keeping a portfolio

of products with different cost-efficiency level.

A full re-design of a refrigerator should consider all its components (com-
pressor, evaporator, condenser, expansion device, insulation), as having their
relative importance in reaching the desired efficiency [11, 1], or even analyze

possible alternatives in its layout [16, 17]. However, the level of insulation is a



key aspect in terms of energy consumption in a refrigerator [1, 16, 15], as being
a device with an all year long high temperature difference between external and
internal environments. From the market and manufacturing point of view, the
change in thickness insulation has also an additional relevance, as affecting all

the internal components design (shelves, drawers, etc.).

The concern about refrigerator energy consumption and its relation with
the insulation panels thickness distribution has been attracting the,interest of
researchers within the refrigeration field. In his early work, Christensen [3]
analyzed the effective impact of the thermal insulation/©on the“heat gains for
a single compartment unit, concluding that about 20%,energy savings can be
obtained increasing the thickness from 55 to 100 _mm. for a freezer, or 30% sav-
ings increasing from 30 to 110 mm for a copler. Dmitriyev [5] complemented
the work of Christensen by studying the.impact,of the insulation thickness on
the overall costs (running + manufacturing) of aTefrigerator-freezer, suggesting
an optimum thickness around 100 to 120, man, which also contributes to longer
compressor life extension by its lower'operation time. After these initial studies,
other authors have tackledsthe,panel thickness optimization problem. Soléymez
and Unsal [15] applied the P1-P2 method of Duffie-Beckman [6] to provide a
thermoeconomic optimization of the thickness in a single compartment refrig-
erator. Recently; Sevindir et al. [14] have presented an optimization procedure
for a singlescompartment based on equalizing the heat transfer derivatives with
panel thicknéss, while also introducing a cost based optimization study that
includes/the heating/cooling costs on the neighbor ambients. Yoon et al. [16]
focused: the optimization study for the dual compartment refrigerator case, fix-
ingrassingle thickness for each compartment, and a thickness for the common
mullion in a side-by-side configuration. They obtained the minimum cost thick-
ness distribution while keeping constant the internal volume. Regarding model-
based optimization, Mitishita et al. [11] presented the use of a genetic algorithm
optimization procedure engined by a thermodynamic model of a household re-

frigerator with dual compartment, finding the lowest consumption solution for



a given cost, in this case using a single panel thickness for each compartment,
but including the design parameters of the rest of the system. These studies
have been also completed by the analysis of the heat leakage through the gasket
region [8, 9], confirming its relative low share of the total heat gains (13% to

17%), thus the dominant role of the insulation.

In this context, a novel analytical approach to determine.the op-
timal wall thickness insulation distribution (with an individual.wall
approach) for household refrigerators is presented in this paper. It is
based on the Lagrange multipliers method and it i§ suitable for both
single compartment and dual compartment layouts, while also consid-
ering the introduction of vacuum insulation‘panels (VIP). Considering
the previous context regarding the environmental labeling, special attention is
given to link the optimization to the energy ‘efficiency index that categorize
the refrigerator in terms of energy consumptionr(function of cooling load and
volume). This model provides to the manufacturer a tool to devise the limits
of a given refrigeration system (setvof compressor, evaporator, compressor) by
changing the insulation, andsalso a method to generate a portfolio of optimum
insulation solutions for ‘each particular labeling level, keeping the refrigeration

system with minimal changes:

The rest of the paper is organized as follows. Firstly, the mathematical
model of & refrigerator is presented in Section 2 together with the expressions
to compute the heat losses and the internal volume (the external volume is
considered fixed). Then, on the basis of this mathematical model, the optimal
set of thicknesses is analytically found for different constraints and objective
functions of interest. In Section 4, the newly proposed optimization approach
is applied to a domestic refrigerator-freezer for a given coefficient of perfor-
mance (COP) either using only conventional insulation materials or combining
them with vacuum-insulation panels. The final test-case includes the effects
of the condenser clearance to both the COP and the external refrigerator vol-

ume, keeping the space for the refrigerator fixed. Finally, relevant results are



summarized and conclusions are given.

2. Mathematical model

In this work we aim to find the optimal set of thicknesses of a refrigerator
for different constraints and objective functions of interest for the induastry:
To study this, we consider that a refrigerator basically consists on a set of S
surfaces with their associated areas, A;, i = 1,...,5. Each of these surfaces
is characterized by its thermal conductivity, k;, thickness, d;,/and temperature
gradient, AT;. The external volume, V.., is considered fixed.WThen, the heat
losses are given by ;

. ki A;AT;
Q ; o (1)

and the internal volume is given by
S
Vint = Vet — 20, At (2)
i=1

In the forthcoming optimization strategy the set of areas, A = {A;}, are con-
sidered constant. However, in general, they depend on the set of thicknesses,
d = {d;}, i.e. A(d), being 0A;/dd; ~ \/A;. Nevertheless, for practical prob-
lems with small variations ofd, i.e. Ad; < \/4;, relative variations of A are

expected to be very small:
AA;  Ady

T v 3)

This partially justifies to keep A constant. In any case, it is straightforward to

update the set of areas, A(d) — A(d+ Ad) and apply the optimization again.

3.0.0ptimization strategy

The optimization strategy is presented in this section. Using the mathemat-
ical model presented in the previous section, the optimal set of thicknesses, d,
is analytically found for different constraints and objective functions of interest
for the refrigeration industry. In doing so, two basic problems are firstly an-

alyzed for a single compartment: namely, (i) minimizing the heat losses given



the internal and external volumes of the compartment, and (ii) finding the
optimal configuration for a prescribed energy efficiency index. Then, these ap-
proaches are extended for configurations with two compartments, e.g. domestic

refrigerator-freezers, and for configurations with vacuum insulation panels.

The forthcoming optimization strategy is only limited by the assumptions
of the mathematical model given in Eqgs.(1) and (2). Namely, theresis,a finite
number of walls having different thermal resistances which are approximated
by the conductive heat transfer resistance, d;/k;, which aré in comtact with
different environments at different temperatures. Using’ “the comductive heat
transfer resistance assumption, which typically accounted for 86% or more of
the total thermal resistance” [16] is therefore a veryieommon approach [12, 16].
In any case, the limitation of this assumption can be easily overcame by using
an equivalent thermal conductivity that_takes‘into account the total thermal
resistance. Apart from this, the optimization strategy presented here relies on
the heat transfer areas, A;, the approximations on the internal volume, V.,

and an accurate estimation of the,C'OP.

3.1. Optimization of a single compartment with fixed internal and external vol-
umes

Given a set/0f areas, A, temperature gradients, AT, thermal conductivity,

k, an internalyolume, V;,;, and an external volume, Vi, Vin: < Vezt, we aim to

find thesoptimal set of thicknesses, d = {d1,da, ..., ds}, for which the heat losses,

Q, afe minimal. To solve this, we use the method of Lagrange multipliers [10].

In this case, the Lagrange function is defined as follows

L(d17d27"' 7dS;)\):Q+)\(V;mt*‘/int)> (4)



where the A is the Lagrange multiplier. Then, to find the optimal solution we

need to solve the following linear system of equations

S
oL
Ay — Vext — Vvint = ZAzdz (6)
oA P

From Eq.(5) we can express d; in terms of A

d; = /AT, /. (7)

Here, no summation over 4 is implied. Then, plugging Eq.(7)"nto Eq.(6) leads

to
S AVEAT;
VA= SR (8)
ext int

Finally, substituting this expression into Eq.(7)ywe get an analytical expression

for d;
V kiATi(Vemt - ‘/;nt)

S b
> a1 Aj\/ ki AT;

where the heat losses, (), are giveniby

9)

di,opt =

(S AiRAT)

2
opt &~ .
Vvemt - V;nt

(10)

In summary, given theicharacteristics of the set of surfaces together with the
internal, Viggpand external, V..., volumes, the set of thicknesses given in Eq.(9)

provides theaminimal heat losses, Qopt, given in Eq.(10).

3°2. Finding the optimal configuration for a given energy efficiency index

Notice that the expression for Qopt given in Eq.(10) has the following form
Qopt = 012/(‘/611‘ - ‘/int)7 (11)

where C7 = Zle Aivk;AT;. Following the European Union (EU) labeling
policy [4], the energy efficiency index, E;, is defined as follows

E,=FE,/Eq, (12)



where Ey; = M - (AV)+ N +CH and E, is related with the heat losses, Q, via

the coefficient of performance
E,=Q/COP. (13)

On the other hand, the corrected volume, AV, is proportional to the internal
volume, i.e. AV = K V;,;. At this point, the question is whether is peossible
to find the optimal refrigerator for a given E;. To do so, we need.to solve the

following equation

2
. C2/COP ’ "
(Vewt = Vint) (M K1 Vipe + N + CH)

where now the unknown is V;,+. This equation is obtained\by*plugging Eqs.(11)
and (13) into Eq.(12). This results into a quadratic equation for V;,,

AV2. 4+ BV + C%0, (15)

where A = MKy, B= N+ CH — MKVg; and C = C?/(E; - COP) — (N +
CH)V.,:. Hence, the optimal solution is given by

—B+ vVB? —4AC

‘/int N 24

(16)

Then, the set of optimal thicknesses follows from Eq.(9). It is important to
notice that hereafter'we consider that proper unit conversion is applied when

necessary accordingly to the EU labeling policy [4].

3.8. Extenston to configurations with two compartments

The optimization strategy presented above is extended to problems with
two compartments, typically domestic refrigerators-freezers. In this case, the
problem can be more cumbersome because the corrected volume, AV, is given
by AV = KoaVint + K3(1 — &) Vipe, where 0 < o < 1 is the fraction of volume
corresponding to the refrigerator [4]. Notice that the value of « can depend on
the set of thicknesses, i.e. a(d). However, to make the problem more tractable,
we propose to consider a fixed value of . Doing so, the above-described solution

procedure remains exactly the same, except that K; is now given by K; =

10



Algorithm 1 Determination of the optimal configuration for a given internal
volume, Vj,;.
Input: AT, k, A, a, Vers, Vint, *{&, E} Output: dope, Qopt, and its corre-
sponding F;.

Note: steps/data marked with * are only necessary for problems with VIPs!

1. * The set of equivalent thicknesses, d, is computed with Eq.(17).

2. * Compute the equivalent volume V associated to the VIPs with/Eq:(20).
3. The set of optimal thicknesses, dop, is computed with Eq.(21)!

4. The heat losses, Qopt are given by Eq.(22).

5. Compute the energy efficiency index, E;, with'Eq.(14).

6. Recompute the set of areas, A(d), and the fraction of volume correspond-

ing to the refrigerator, a(d), with the new. set of thicknesses, dgp;.

7. Go back to step 3. until solution cenverges.

aKy 4 (1 — @)K3. Then; once the new set of thicknesses, d, is computed, the
value of @ must be mecessarily'recomputed. Likewise the set of areas, A, very
small variations.are also expected for «; therefore, the overall algorithm should

converge in féw iterations.

3.4. BEatension to configurations with vacuum-insulation panels

Highly efficient refrigerators cannot only rely on conventional insulation ma-
terials such as polyurethane foam. The set of thicknesses would reduce the
internal space, Vi, in a significant manner leading to impractical refrigerator
designs. Alternatively, vacuum-insulation panels (VIP) can be embedded to the
sidewalls and doors of refrigerators. They offer outstanding insulation properties
compared with conventional materials offering the required energy savings with
reasonable wall thicknesses. In this context, the above-explained optimization

strategy is adapted to consider VIP panels. The main difficulty arises from the

11



Algorithm 2 Determination of the optimal configuration for a prescribed en-
ergy efficiency index, F;.
Input: AT, k, A, o, Ve, E;, *{a, E} Output: dope, Qopt, and its correspond-
ing internal volume, V..

Note: steps/data marked with * are only necessary for problems with VIPs!

1. * The set of equivalent thicknesses, d, is computed with Eq.(17).

N}

. * Compute the equivalent volume V associated to the VIPs with/q:(20).
3. Compute the internal volume, V;,;, with Eq.(18).

4. The set of optimal thicknesses, dopt, is computed,with Eq.(21).

5. The heat losses, Qopt are given by Eq.(22)

6. Recompute the set of areas, A(d), and the fraction of volume correspond-

ing to the refrigerator, a(d), with the new. set of thicknesses, dgp;.

7. Go back to step 3. until solution cenverges.

fact that the thickness of the VIP is given by the manufacturer; therefore, the
only degree of freedem is the thickness of the conventional insulation material.
To model this, we simply.€onsider that an additional insulation material with
thermal conductivity lzrt and thickness CL is added to the surface A;. In this

case, the heat/dosses and the internal volume are given by

S
i=1
S ~
Viie = Vew — Y Ai(di + dy). (18)
i=1

Then, applying the same reasonings than in Section 3.1 it yields

di = kAT /N — d;, (19)

12



instead of Eq.(7), and the expressions

= S0 AVEAT,

s
— where V = A, Ez - d~, 5 20
V:emt - ‘/int + V ; ( ) ( )
instead of Eq.(9). Finally, plugging the previous expression into Eq.(19) the

analytical expression for the optimal set of thicknesses follows

i opt = kiAzi(VeIt = Vi V) —d;, (21
7 2 j=1 4; \/m
and the heat losses are then given by
(z Ai\/kiAT,-f
Veat = Vint +V
It must be noted that heat losses have the same form thamin Eq«(10). Hence, the

(22)

opt =

calculations presented in Sections 3.2 and 3.3 cangbe te-used by simply replacing
Vewt bY Vewr = Vewr + V. Then, the optimal selution for a given energy efficiency
index, E;, is given by Eq.(16)

—B.+ vVB¥—4AC
2A ’

where A = MKy, B = N + GHw MKV, and C = C?/(E; - COP) —

(N + CH)Vep. Then, thesoptimalvset of thicknesses follows from Eq.(21).
Refrigerators with two compartments and VIPs are solved following the strategy

presented in Section 3.3¢

In summary, the proposed approach allows to find the optimal configuration
for refrigerators with two compartments and with VIPs embedded to (some)
walls./Simpler, configurations such as refrigerators with one single compartment
orfand‘without VIPs can be viewed as particular cases. The steps of the general
algorithm are detailed for two problems of interests in Algorithms 1 and 2.
Namely, the steps to determine the optimal configuration for a given internal
volume, V;,:, are given in Algorithm 1. In this case, the target is to compute
the optimal set of thicknesses, d,p, and its corresponding Qopt, and energy
efficiency index, F;. The second problem of interest is outlined in Algorithm 2.
In this case, the energy efficiency index, F;, is prescribed and the target is to

compute dopt, Qopt, and its corresponding internal volume, V.

13



Initial Optimal configurations

Co C1 C2 C3 C4

Wall AT; A; d; d; d; d; d;
number (i) [°C]  [m?] [mm] | [mm] [mm] [mm] [mm]
1 45  0.1669 83 46.2 78.5 75.3  113.5
2 45 0.0677 72 46.2 78.5 75.3 1135
3 45  0.0677 72 46.2 78.5 75.3 £ 113.5
4 50  0.1131 83 48.7 82.8 79747 119.6
) 53  0.1113 | 514 50.1 85.2 8.7 /123.1
6 45 0.2219 72 46.2 78.5 7583  113.5
7 45  0.2219 72 46.2 78.5 75.3  113.5
8 53 0.2439 70 50.1 85:2 81.7  123.1
9 45  0.3685 80 46.2 78.5 75.3  113.5
10 20 0.5896 56 30.8 52.4 50.2 75.7
11 20 0.5896 56 30.8 52.4 50.2 75.7
12 28  0.6556 58 36.4 61.9 59.4 89.5
13 20 0.2636 72 30.8 52.4 50.2 75.7
14 20 £0.6556 o7 30.8 52.4 50.2 75.7
OW/] | 4757 | 7947 4659 48.66 32.25
Vint [L] | 328.4 | 442.7 328.4 340.2 340.2
E; | 30.62 42 29.97 30.62 27.07

Tabled: From left to right: wall number, temperature gradient AT;, area A;, initial set of
thicknesses and optimal set of thicknesses for different values of the energy efficiency index, E;.

A simplified schema showing the location of the most relevant walls is displayed in Figure 1.

4. Results and discussion

The optimization of an existing domestic refrigerator-freezer has been chosen
to test the proposed approach. Namely, it consists of 14 walls, all of them with
thermal conductivity k; = 0.023 Wm 'K ~! (polyurethane foam). A simplified

schema showing the location of the most relevant walls is displayed in Figure 1.
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L refrigerator A ont

/

Figure 1: Simplified schema of the domestic refrigerator-freezer used to test the proposed
approach. Wall numbers are placed at thefcenter of their corresponding wall. The complete

list of walls with their properties is given in'Table 1.
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Pigure 2: Energy efficiency index, E;, and heat losses, Q, for the optimal configuration for a

given internal volume. Details about the initial configuration, CO, are given in Table 1.

The temperature gradients, AT;, are given in Table 1 together with the set

of areas, A;, and thicknesses, d;, of the initial configuration, C0O. This data
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Figure 3: Results for the Optimal configuration with and without vacuum-insulation panels
(VIP). Top: energyefficieney index, E;. Bottom: heat losses, Q. Details about the initial

configurationg”@O0, are given in Table 1.

is enoughsto apply the proposed optimization approach. The detailed schema
or the names of the walls are not given to preserve confidentiality. The exter-
nal volume, the fraction of volume corresponding to the refrigerator and the
coefficient of performance are V., = 0.606 m>, o = 0.7155 and COP = 1.7,
respectively. The temperatures of the refrigerator and freezer compartments are
5°C and —20°C), respectively. Following the EU labeling policy [4] the rest of
parameters are: N = 303 kWh year™, M = 0.707 kWh year~', FF = 1.2,
CH=0and BI =1.
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The optimization strategy described in the previous section has been applied
to this particular case for a wide range of internal volumes, V;,;. Results for
the energy efficiency index, E;, and heat losses, @, are displayed in Figure 2.
Among all these configurations, detailed results for four optimal configurations
of interest are shown in Table 1: namely, the configuration C1 corresponding
with an energy efficiency index E; = 42 (the threshold for A+ category), the
optimal configuration C2 with the same internal volume (V' = 3284 L) than
the initial configuration CO, the optimal configuration C3 with the saime energy
efficiency index (F; = 30.62) than the initial configuration C0.and the optimal
configuration C4 with the minimal energy efficiency indexs(E; = 27.07). It
is observed that keeping the same internal volume (C0,—=C2), the energy
efficiency index improves from E; = 30.62 to Ef= 29.97 /whereas keeping the
same energy efficiency index (CO — C3) thé internal, volume increases almost
12 L, i.e. from 328.4 L to 340.2 L. Although,it is not a case of practical interest,
it is interesting to notice that thereyis a'minimal (configuration C4) for the
energy efficiency index, E; (correspondingito an internal volume of V' = 204.8 L)
regardless to the fact that heat losses, 0, can always be reduced by increasing
the insulation thickness (see Figure 2) up to the point to reach a degenerate

solution.

The energy/efficieney’index, F;, and heat losses, @, corresponding to the
optimal configuration are shown again in Figure 3 indicating the boundaries
between’ different categories: i.e. A+ (33 < E; < 42), A++ (22 < E; < 33) and
A+++(F; <22). Although there is a range of A++ configurations (e.g. con-
figurations C2, C3 and C4), there is an important range of practical configu-
ration§ that fall within the range of A+ category (e.g. C1 configuration). This
is an intrinsic limitation of conventional insulation materials. As explained in
Section 3.4, VIPs are necessary to built highly efficient refrigerators (A++ and
A+++), however, they impose an additional restriction since the thickness of
the VIP is given by the manufacturer. Here, we consider a set of VIPs of thick-
ness (Zz = 20 mm and thermal conductivity l;:l = 0.006 Wm~'K~! embedded

17
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Figure 4: Schema showing the geometrical effect of the condenser clearance, c.

to 5 walls: 9, 10, 11, 12 and 14 (see Table 1). Resultsiebtained using the op-
timization strategy for problems with VIPs (see Section 3.4) are displayed in
Figure 3. Compared with the optimal solutiens without VIP panels, both en-
ergy efficiency index, F;, and heat losses, Q, improve in a significant manner.
Actually, in this case, practical configurations fall within the range of A++4+
category. In particular, keeping the same internal volume than the initial con-
figuration (CO — C5), the energy efficiency index improves from E; = 30.62
to E; = 17.24. Even more“interesting, keeping the same internal volume than
the optimal configuration'without VIP panels in the threshold for A+ category
(C1 — C6), the energy efficiency index improves from E; = 42 to E; = 18.54.

Finally, we consider the same optimization problem but including the effects
of the condenser clearance, c. This parameter has two opposite effects: the
external yolume, V.., decreases with c (see Figure 4) whereas the COP tends
to increase with c. In this regard, the following expression has been used to

modelthe dependency of the COP respect to ¢ [mm]:

1
COP(c) = AT C where A =1.04221, B = —32.0016,C = 0.54681
(24)
This corresponds to a least-square regression of a set of energy consumption

experiments (see Figure 5) hold by the industrial partner in its experimental

facilities, following their standard procedures. Results for the optimal config-
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Figure 5: Quadratic least square regression of the COP respect toithe condenser clearance, c,

given in Eq.(24). See schema displayed in Figure 4.

uration respect to the condenser clearance, ¢, aré™displayed in Figure 6. As
mentioned above, the initial configuration ‘€0.has a COP = 1.7 which corre-
sponds with a condenser clearance of,c ~ 45 mm (see Figure 5). Moreover,
as seen before, the optimizationsapproachroutlined in Algorithm 1 has allowed
to improve the energy efficiency index from F; = 30.62 to F; = 29.97 keeping
the same internal volume (CO'— C2). However, it is possible to improve it
further by increasing/the condenser clearance (see Figure 6, top) and, therefore,
clearly falling within‘the range of A++ category (CO and C2 are close to the
upper limit). “Furthermore, the energy efficiency index reaches a minimum of
E; = 23.32 for ¢ = 110.3 mm (configuration C7). On the other hand Figure 6
(bottém) shows results obtained keeping the same energy efficiency index, E;.
In"this casej as seen before, the Algorithm 2 has allowed to increase the internal
volume from 328.4 L to 340.2 L (CO — C3). Nevertheless, the condenser clear-
ance can have a more significant effect reaching a maximum internal volume of

Vint = 402.1 L (configuration C8) for ¢ = 92mm.
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Figure 6: Results for the Optimal configuration respect to the condenser clearance, c. Top:
energy efficiencydndex, E;, keeping the internal volume equal to the initial configuration CO,
i.e. Vint = 3284, L. Bottom: internal volume, Vj,;, keeping the energy efficiency index equal
to the original configuration CO, i.e. E; = 30.62. The quadratic regression given in Eq.(24)
and displayed in\Figure 5 has been used to compute the COP.

5. Concluding remarks

The household refrigerator market is being dominated by a competitive race
to obtain highly efficient devices to comply with the public awareness on en-
vironmental issues, currently articulated through Energy Labeling measures.
Therefore, the manufacturers need to adapt their products to obtain the high-

est efficiencies, but also keeping a portfolio of products with different cost-

20



efficiency/labeling levels.

Considering this context, this paper has presented an analytical approach
based on the Lagrange multipliers method, to determine the optimal wall thick-
ness insulation distribution for household refrigerators. Single compartment and
dual compartment layouts are considered, while introducing as an option.theins
tegration of VIPs. The optimization strategy is only limited by the agsamptions

of the mathematical model described in Section 2.

The optimization results are focused on the identificationyof possible im-
provements from a baseline case, reducing the energy consumption or increasing
the available volume. Special attention is given toglink the optimization to the
energy efficiency index that categorize the refrigerator insterms of energy label-
ing (function of cooling load and volume), then identifying for a given scenario
the classes that can be achieved. For examples.the case that introduces VIPs
shows the strong impact of this technelogy on the energy class, upgrading an

A++ solution to an A+-++ device:

As a variant of the médel, an optimization case that takes into account the
geometry of the whole'refrigerator space (refrigerator + ventilation channel) has
also been analyzed, thus selecting not only the best panel thickness distribution
but also the besticlearance. The effect of the ventilation clearance on the sys-
tem performance is introduced by means of fitting a set of energy consumption

experiments, thus determining its impact on the COP.

Summarizing, this model provides to the manufacturer a tool to devise the
limits®of a given refrigeration system (set of compressor, evaporator, compressor)
by changing the insulation, and also a method to generate a portfolio of optimum
insulation solutions for each particular labeling level, keeping the refrigeration

system with minimal changes.
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