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ABSTRACT

Energy-efficient building services are necessary to realise zero-emission buildings while maintaining adequate
indoor environmental quality. As the share of ventilation heating needs grow in well-insulated and airtight
buildings, heat recovery in mechanical ventilation systems is increasingly common. Ventilation heat recovery is
one of the most efficient and viable means to reduce ventilation heat losses and save energy. Highly efficient heat
exchangers are being developed or applied to maximise the energy-saving potential of heat recovery ventilation.
Nevertheless, the effects of practical operating conditions and the constraints of heat recovery — such as varia-
tions in ventilation rates, frost protection, and the prevention of an overheated air supply over a long-term
period, which may significantly influence realistic recovery rates — have been less considered in efforts to
maximise the energy savings. It is unclear which design parameters for heat recovery devices have the greatest
effect on the annual energy savings from ventilation.

This study proposes annual efficiency and annual net energy saving models for heat recovery ventilation that
consider ventilation rate variations, the longitudinal heat conduction effect and operating controls. We use a
global sensitivity analysis to quantify the contributions of various design input parameters to the variation in
annual recovery efficiency and annual net energy savings. We identify the most influential parameters and their
significant interaction effects for the annual energy performance of heat recovery ventilation. More attention
should be paid to these most influential parameters during the design process. Furthermore, the optimal designs
for rotary heat exchangers (as identified by a pattern-search optimisation algorithm) can improve annual net
energy savings in demand-controlled ventilation by 33-48%, depending on the building areas. In combination
with the reference year analysis presented in this study, heat recovery and demand-controlled ventilation can
help to meet the need for highly efficient ventilation systems and zero-emission buildings.

1. Introduction

which are vital to sustaining adequate thermal comfort and indoor air
quality, potentially account for 30-40 % of the overall energy con-
sumption and about 40-60 % of the total electricity in buildings [1-4]. It
is essential to achieve energy-efficient HVAC systems in order to realise

Buildings have been progressively air tightened and insulated to zero-energy and zero-emission buildings. In buildings with high levels of

comply with increasingly stringent building energy performance re- thermal insulation, ventilation losses can account for more than 50 % of
quirements. Heating, ventilation and air conditioning (HVAC) systems,
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Nomenclature

Parameters

A Heat transfer area [m?]

A Cross-sectional area of the matrix wall [m?]

f Friction factor [-]

Q Energy [J]

Cc* Ratio of minimum to maximum heat capacity rates [-]

Crnin Minimum heat capacity rate, m*c, [W/K]

C* Ratio of total matrix heat capacity rate

Dy Hydraulic diameter of flow passages [m]

G Fluid mass velocity based on the minimum free area [kg/
m?]

g Proportionality constant [-]

t Temperature [°C]

Eff; Hourly temperature efficiency [-]

Effmean  Operational annual average efficiency [-]
Nusselt number [-]

Specific heat of air [J/kg e K]

Convective heat transfer coefficient [W/m? K]
Thermal conductivity [W/(m e K)]

Depth of the wheel [m]

Mass flow rate [kg/s]

Rotation speed [RPM] or hour numbers
Reynolds number [m?]

Overall heat transfer coefficient [W/m? K]
Input variable

Function value

Variance of argument taken over X;

NNopzIETEe zZ

Ex, Mathematical expectation of argument taken over all
factors but X;

S Sensitivity index

\% Volumetric flow rate [m3/h]

Subscript

m Matrix

min Minimum

w Wall

T Total

i Index

Abbreviations

CAV Constant air volume

DCV Demand-controlled ventilation

LHC Longitudinal heat conduction

NTU Number of heat transfer units

GSA Global sensitivity analysis

FP Factors prioritisation

Greek letters

a Aspect ratio of the channel

A Dimensionless parameter for longitudinal heat conduction
S Thickness of the wall [m]

3 Temperature efficiency

Ap Pressure drop [Pa]

0] Dimensionless parameter

n Fan efficiency

T Time [hour]

total energy loss [5] if no heat recovery is used. Heat recovery systems
have been shown to reduce the need for ventilation energy by 80-90 %
[6,7]. Consequently, energy-efficient ventilation systems with heat re-
covery are particularly relevant for highly efficient buildings in cold
climates [7].

Some European countries, particularly those with cold weather,

Extract air

Longitudinal heat
conduction

Supply air

implement regulations that mandate energy-efficient ventilation sys-
tems that incorporate heat recovery for newly constructed buildings [8].
For example, the Norwegian building regulation TEK 17 [9] for resi-
dential buildings requires heat recovery with a temperature efficiency
higher than 80 % to meet its energy efficiency target.

Rotary heat exchangers (also known as heat wheels), flat plate heat

X5 Diameter of rotary heat exchanger
X6 Height of corrugated channel

X7 Period of corrugated channel

X8 Depth of rotary heat exchanger

X9 Thickness of corrugated material

X10 Rotational speed

Fig. 1. A rotary heat exchanger in ventilation and its design parameters (the numbering of design parameters X; is in accordance with the other sections of

this study).



P. Liu et al.

exchangers and run-around heat exchangers are commonly used in
residential ventilation. Aluminium rotary heat exchangers have been
widely utilised in Nordic countries due to their high efficiency and frost
tolerance. Fig. 1 shows the working principle of the rotary heat
exchanger. In cold climates, sensible heat is recovered by storing heat
from the extract air to the rotating matrix. The stored heat is released
from the matrix as it rotates to the supply air. In these exchangers, a
temperature gradient exists in the aluminium matrix as heat transfer
occurs. This causes heat conduction from the hotter to the colder ends of
the aluminium matrix, reducing the mean outlet temperature of the
supply air in winter conditions. Consequently, the longitudinal heat
conduction (LHC) in the metallic matrix along the flow direction can
lead to an efficiency reduction of 20 % (from 90 % to 70 %) or more
[10,11]. The effects of LHC have often been overlooked in the design and
operation of heat recovery units [12,13]. However, recent research has
shown that LHC is significant and cannot be neglected, especially for
lower airflow rates than the design value [10,12].

DCV is an energy-efficient measure that can reduce ventilation en-
ergy use by 30-60 % compared to CAV [14-16]. In principle, the com-
bined use of DCV and heat recovery in ventilation further reduces energy
use, and thus contributes to achieving zero-emission buildings with
extraordinarily energy-efficient ventilation. DCV often operates at lower
airflow rates than the maximum design value. One might expect that in
any heat recovery system, reducing airflow rates would always increase
temperature efficiency. However, as mentioned above, the presence of
higher LHC at lower airflow rates can lead to unexpected reductions in
efficiency [17,18]. Therefore, the inefficiency of rotary heat exchangers
due to LHC at low airflow rates may reduce or even eliminate the energy-
saving benefits of using heat recovery in DCV.

To the authors’ knowledge, no studies have examined rotary heat
exchangers’ annual performance while considering LHC’s role in DCV.
Moreover, few studies have focused on optimum designs to maximise
the nominal temperature efficiency of heat recovery systems at specific
conditions, such as the rated condition [19,20]. Nevertheless, heat re-
covery seldom operates at the nominal condition, as the airflow rates
may constantly change in DCV and the efficiency must be regulated
according to different operating conditions, as illustrated in Fig. 1.

In cold outdoor conditions, frost forms and accumulates when a heat
exchanger’s surface temperature falls below the dew point and freezing
point in extract air. Frost accumulation on heat exchangers is one of the
most frequently reported problems when heat recovery ventilation is
applied in cold climates [21]. Accordingly, temperature efficiency is
usually reduced to decrease heat exchange and prevent frost [7]. In mild
outdoor conditions, the temperature efficiency of heat recovery may
need to be reduced to avoid overheating the ventilation air over the
supply air temperature setpoint. Most studies aim to improve the
momentary temperature efficiency of rotary heat exchangers at the dry
and wet testing conditions prescribed in standards such as EN308 [22],
and EN13141-1 [23]. The temperature efficiency of rotary heat ex-
changers depends on the ventilation rate, which is controlled by indoor
temperature, CO2 or other parameters. Temperature efficiency over a
design reference year considering airflow rate variations would more
accurately reflect the realistic performance of a heat recovery system.
Currently, there is no representative function to relate the efficiency of
the rotary heat exchanger to the outdoor air temperature and indoor
control indicators. Furthermore, the influence of different design pa-
rameters of rotary heat exchangers on annual temperature efficiency
and annual net energy savings remains unknown.

To maximise the benefit of heat recovery systems, one must take the
power consumption of the fans into account. In some cases, fan power
consumption can result in very low or not guaranteed energy savings
from heat recovery systems. For example, Roulet et al. [24] measured 13
ventilation systems in Switzerland and found that energy savings were
small or even negative in several cases. Therefore, the annual net energy
savings, which are represented by recovered energy subtracted from the
additional fan power, should be maximised to obtain the largest realistic
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benefit from heat recovery systems and DCV. Nevertheless, few studies
have addressed the problem of optimising heat exchangers to maximise
annual net energy savings.

This study was carried out to explore the most influential design
parameters and identify the optimal design for the annual performance
of rotary heat exchangers in DCV. The key contributions and novelty of
this work are as follows.

e This study provides new insights into the influence of operating
conditions on the annual performance of heat recovery devices.
These influence factors include variations in airflow, frost and
overheating prevention and LHC in rotary heat exchangers.

e For the first time, the outcome of employing heat recovery consid-

ering the contradictory LHC effect is explored for DCV during a

design reference year.

This is the first study to use a variance-based global sensitivity

analysis to quantify the most influential design parameters and their

interaction effects for rotary heat exchangers in terms of annual re-
covery efficiency and annual net energy savings.

e A pattern-search optimisation method is used to find the optimal
design of rotary heat exchangers that maximises the annual net en-
ergy savings.

e The findings should make an important contribution to energy-
efficient ventilation and zero-emission buildings.

2. Methods

Fig. 2 illustrates the structured methods applied in this study. The
momentary temperature efficiency considering the LHC effect, as well as
the pressure drop calculation through rotary heat exchangers and their
associated influential design parameters, are first presented in Section
2.1. Sections 2.1 and 2.2 introduce the annual performance of the rotary
heat exchanger incorporating different ventilation strategies and oper-
ating conditions during a design reference year. In Section 2.3, the
design input parameters that affect the annual performance of rotary
recovery efficiency are explored using the global sensitivity analysis
(GSA) method. Finally, the optimal design of rotary heat exchangers for
maximising annual net energy savings in heat recovery ventilation is
demonstrated in Section 2.4.

2.1. Mathematical models for temperature efficiency and pressure drop

The momentary temperature efficiency of a rotary heat exchanger is
considered the exchanger’s key performance indicator. Analytical, nu-
merical and empirical methods that aim to improve the design to obtain
a higher temperature efficiency have been developed both with and
without considering the LHC effect [11]. This study uses empirical
correlations considering the LHC effect to determine rotary heat ex-
changers’ temperature efficiency. The essential equation is built on an
extension of the ‘effectiveness-NTU” method used to calculate temper-
ature efficiency and is given in Eq. (1). The detailed development of the
mathematical equations can be found in [11].

C;
(1 5= C*> (€]

In this study, we consider only balanced airflow rates for rotary heat
exchangers. It can be seen from Eq.(1) that the determination of tem-

perature efficiency consists of three parts. The first, {702,

e NTU
T 1+NTU

_ 1
9(C:)1‘93

accounts for

the counterflow recuperator effectiveness. The second, {1 — W},
reflects the influence of the rotation and heat capacity of the exchanger.
The last, (1 — zf*c,), accounts for the impact of LHC. The input param-
eters of these three parts can be further categorised into parameters that
designers can control, operating parameters and other constant param-

eters (Fig. 3). A summary of the equations to determine the parameters
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Ventilation rates of DCV and weather data
for a reference year
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Fig. 2. Illustration of the structured methods used in this study.

in Eq. (1) is presented in Egs. (2)-(8) below. More detailed definitions
and determinations of all the factors in Eq. (1) can be found in [11].
C; in Eq. (1) can be calculated as follows:

1 1
C, = — 2
* T 14 NTU,(1 +®)/(1 + ANTU,) 1+ NTU, 2
where ® denotes a function relationship as in Eq.(3).
INTU, \'? NTU,
D~ <7> tanh o 72 3)
1+ ANTU, [ANTU,/(1 + ANTU,)]

4 refers to the ratio of the longitudinal heat conduction, along with
the flow direction per unit length, to the heat capacity of the fluid per
unit temperature difference. It is defined as

kmAk
P Lo @

4 ranges from O to 1. The greater the value of A, the higher the heat
conduction and efficiency loss in the rotary heat exchanger. Eq. (4)
shows that good thermal conductors (high k) and low airflow rates
(Chin) yield high LHC and high efficiency loss.

NTU, is the number of transfer units:

U,A
NTU, = z %)
(1CP) i
The overall heat transfer coefficient U, is
N C AN ©)
2\ 3k

2 represents the convective resistance for the balanced supply and
extraction airflows, and ” - represents the transverse heat conduction in

a rotary heat exchanger [1 1]. The convective heat transfer coefficient, h,
is calculated as

Nuk iy
D,

h=

)

Nu is determined using the thermal boundary of the constant heat
transfer rate for aluminium, a highly conductive material for the matrix,
in rotary heat exchangers. The Nusselt number, Nu, is calculated for

sinusoidal channels with a laminar flow as follows:

Nugy = 1.9030(1+0.4556a + 1.2111a” — 1.6805a° 4 0.7724a* — 0.1228a° )
(®)

where a is the aspect ratio (i.e. the ratio of the channel height to the
period).

In this work, we examine the commonly used aluminium rotary heat
exchanger with sinusoidal corrugations. The operational parameters of
rotary heat exchangers are ventilation airflow rates and rotational
speed. Ventilation airflow rates vary between different ventilation
strategies and with the environmental control indicators such as COj,
indoor air temperature and the number of occupants. The rotational
speed regulates the temperature efficiency of the rotary heat exchangers
to prevent the overheating of the supply air and to protect the exchanger
from frost. In this article, we employ sensitivity analysis to investigate
the influence of the supply air temperature setpoint and the frost pro-
tection temperature on the annual average temperature efficiency and
energy use for heating the ventilation air.

The hourly temperature efficiency of a rotary heat exchanger is
expressed as a function of the outdoor air temperature, as shown in Eq.
(9). This equation considers the supply air temperature setpoint, frost
protection and overheating prevention for balanced airflow rates in
supply and exhaust sides.

Tsupply — 1 i
supply outdoor i .
‘,lf (touldom it g(tindoor ,i — toutdoor .i) > tsupply > Toutdoor .i)
Tindoor ,i — Toutdoor ,i
0, if (z P> 1
) outdoor ,i supply
Eff, =
Tindoor ,i — Trost ctil
K protection .
] if (tindom i g(lindoor i — Toutdoor ,i) <trost protection )
Tindoor ,i — Toutdoor ,i

€, (for the rest of conditions )
©)

The first expression in Eq. (9) calculates the temperature efficiency
for the case when the maximum temperature supply is limited by
overheating prevention (to prevent the temperature of supply air after
the heat exchanger from exceeding the supply air setpoint). The second
expression (Eff;i = 0) in Eq. (9) represents the case when the heat
exchanger is stopped if the outdoor air temperature is higher than the
supply air temperature setpoint. Finally, the third expression calculates
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Fig. 3. Influential factors for the momentary temperature efficiency of rotary heat exchangers.

the temperature efficiency when frost prevention is on, which reduces
the temperature efficiency.

In this study, the annual averaged temperature efficiency is defined
as the arithmetic mean of the hourly efficiency when the exchanger is
operating (i.e. when Eff; is nonzero).

S Effinonzero
Effyemn = ———— 10
Nnonzem ( )
The annual average efficiency is a function of the specifications of
the rotary heat exchanger, the supply air temperature setpoint, the

ventilation airflow rates and the frost protection, among other factors.
The core pressure drop through the rotary heat exchanger is calcu-
lated with Eq. (11):

4fLG?
Ap ~ 11
P 2gth ( )

For a detailed determination of the input parameters and the pres-
sure drop calculation, see [10,11].
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2.2. Case building, ventilation and LHC effects in DCV

In this paper, we studied a virtual office building in Oslo, Norway.
The building is assumed to comply with the Norwegian Building Regu-
lation TEK17 [9]. The design occupancy density is 15 m?/person, and
the total building area changes according to the design occupant num-
ber. This study investigates the annual temperature efficiency and
annual net energy savings for DCV with heat recovery.

Fig. 4 shows occupancy diversity factors on weekdays for office
buildings from the Norwegian specification sN-NSPEK 3031 [25]. The
number of occupants is reduced from hours 12 to 14 (i.e., from 12 to 2p.
m.) on weekdays since some occupants leave the office for lunch or
meetings. The building is assumed to be unoccupied on weekends.

The ventilation rates for DCV are assumed to respond ideally to the
presence and number of occupants. The Norwegian building code re-
quirements for ventilation airflow rates consist of two parts that must be
summed: a) ventilating pollutants from occupants (26 m>/h/person) and
b) ventilating pollutants from building materials (2.5 m®/h/m? when
the room is in use and 0.7 m®/h/m? otherwise) [9]. Hourly variations in
ventilation rates and nominal occupants for the ventilation strategies
and occupancy numbers are illustrated in Fig. 5.

The annual energy used for heating ventilation air is

8760

Qvgmilazionhealing = E m;c, (tSMle[V — (Eﬁ‘ (timioor - t(mldum‘,[) + toutdoor.i ) )T[
i=1
12)

where (Effi(tm,ioor — toutdoor) + tomdoo,,i> is the air temperature leaving

the heat exchanger on the supply side.
2.3. Global sensitivity analysis (GSA)

Sensitivity analysis (SA) measures the impact that changes in one or
more input variables can induce in output variables [26]. SA is applied
to estimate and rank the effects of different input parameters on the
outputs of a model, which is known as factors prioritisation (FP). SA
methods can be categorised as either local sensitivity analysis (LSA) or
global sensitivity analysis (GSA). LSA generally entails changing one
input at a time to test its effect on the output. In this approach, the
sensitivity may be different if some other parameters are equal to
different values; LSA does not take into account the effect of changing
parameter values in the parameter space or simultaneous changes in the
parameter set [27]. Another disadvantage of LSA is that it does not ac-
count for the impact of interactions between parameters [27].

GSA can overcome these limitations by providing the propagated
uncertainty distribution in model usage or parameter estimation [28].
Among the various GSA methods, Sobol’s method [29] is generally
recognised as the most robust and efficient. This variance-based method

0.8
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decomposes the contribution of each input parameter to the variation of
the output. Fig. 6 illustrates the variance-based GSA framework applied
in this study. The principle of Sobol’s method is that the model output’s
total unconditional variance can be quantified by decomposing it into
the first-order, second-order and higher-order contribution terms. The
first-order terms reflect the direct contribution of individual parameters.
By evaluating the influence of an individual input on the output varia-
tion and its interaction with other inputs, Sobol’s GSA reveals which
input parameters significantly affect the output. Two different measures
in Sobol’s GSA are commonly used in combination: first-order sensitivity
indices and total sensitivity indices. The former quantifies the main
contributions of each single input parameter, while the latter quantifies
the total effects consisting of first-order effects plus all interaction
effects.

In this study, Sobol’s GSA was used to quantify the contribution of
each design parameter of rotary heat exchangers on the annual perfor-
mance of heat recovery ventilation. The principle of Sobol’s GSA is
briefly introduced below.

Consider the following generic model:

Y =f(X1, Xy, %) 13)

To quantify the importance of an input factor X; on the variance of Y,
consider that we can fix X; at its ‘true’ value. The degree of the variance
change of Y attributed to this assumption is the conditional variance.
The variance of the conditional expectation, Vy, (EX (YX3) ), is consid-
ered as a summary measure of sensitivity. Then, the first-order sensi-
tivity index of X; on Y can be defined as Eq. (14) based on [27].

Vi (Ex (Y|X:))

ST V)

a4
Si is a number between 0 and 1. For purely additive models, the sum
of first-order sensitivity indices of the input parameters is equal to 1

(34,8, = 1). For models that are not purely additive, in which inter-
action effects exist between input parameters, Zlesi < 1. The differ-

ence (1 —Zlesi) indicates the strength of the interactions in the model.

Different parameters have different effects on the system’s outcome.
Higher values of S; reflect more important input parameters X;.
Vx, (Ex ,(Y|X;) ) is the expected variance reduction if X; is fixed. Eq. (14)
suggests that the influential factor is the one that causes a great reduc-
tion in variance when the given input factor is fixed to its true value
(albeit unknown) within its range of uncertainty, while other input
parameters vary within a defined interval [27]. The larger the reduction
of output variance caused by fixing one factor, the larger its main effect
and the greater its importance.

The total sensitivity indices Sy; are another popular variance-based
measure. They measure the total effect, including first and higher-
order effects (interactions), of the input parameter X; [30]. The total

0.6

0.4

0.2+

Diversity factors for weekdays

I
2 4 6 8 10

T T T 1 T T T T T

I I
12 14 16 18 20 22 24

Hours in weekday

Fig. 4. Occupancy diversity factors on weekdays for office buildings.
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sensitivity index is defined as follows:

_Ex (WYX 1))

)

(15)
where X ; is the vector X = (X, -~-Xi,1,Xi,1---Xd)T. By definition, Sy
is equal to or greater than S;. The difference between total sensitivity and
first-order sensitivity, (Sy; —S;), is a measure of the interaction effects of
the input parameter X; with any other input parameter [29].
One can identify the influential factors by ranking the parameter’s
main effects (first-order sensitivity). Furthermore, input parameters

with a low first-order effect may have significant interaction effects with
other parameters, which should also be considered important. For
example, consider a simple model with two input parameters (X; and
X5). If both first-order sensitivity indices S; and S, for X; and X, are
much smaller than Sy, this indicates that the interaction effects between
X; and X, play an important role.

We explored the variability ranges of input parameters for first and
total sensitivity indices using Sobol’s quasi-random sequencing method
[27]. For more detailed information about the GSA, see [27].
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2.4. Optimisation of rotary heat exchanger

Fig. 7 shows the optimisation procedure to maximise the proposed
annual net energy savings by using heat recovery. The constant inputs
required to calculate the annual net energy savings are maximum
occupant number, supply air temperature, indoor air temperature, frost
protection temperature and fan efficiency. Six parameters were changed
in the search for maximum annual net energy savings by heat recovery
in DCV: the diameter of the rotary heat exchanger, the height of the
corrugated channels, the period of the corrugated channels, the depth of
the rotary heat exchanger, the thickness of the matrix, and the rotational
speed. For a given ventilation rate profile, there is an optimal rotary heat
exchanger design (the best combination of these six parameters) that
yields the maximum total energy savings for a reference year. Table 2
displays the values of the constant inputs and the search ranges for the
optimisation in this study.

The objective function considered here is the net energy savings for a
reference year, which is calculated according to Eq. (16):

8760 8760 y,
Ry APV,
Qnet - § m;cp ([arraz‘t.i - ourdoorj) EiTi — E n Ti (16)
i=1 =1 i

The first term on the right-hand side represents the energy recovered
for a reference year using a rotary heat exchanger in a DCV. The second
term represents the fan power used to overcome the pressure drop
through the exchanger. Hourly temperature efficiency, ¢;, changes with
the ventilation rates and with the modulations applied to achieve the
temperature setpoints for supply air and frost protection. For the sake of
simplicity, we assume a constant fan efficiency of 0.5.

In this study, the pattern-searching algorithm is applied in MATLAB
to find the maximum net energy savings Qn, for the reference year using
Eq. (16) as the objective function. Pattern-search methods proceed by
performing a series of exploratory moves for the current iteration before
declaring a new iteration and updating the associated information [31].
Pattern-search algorithms can look for a minimum based on an adaptive
mesh, and they can be used on functions that are not continuou-
s or differentiable since they do not require a gradient. Characterization
and analysis of the pattern-search method are presented in [31]. Here,
we take the negative value of the objective function to find the
maximum. A constraint of the optimisation is that the aspect ratio of the
channel must be within a range of 0 < a < 1.
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3. Results and discussion
3.1. Validation of the mathematical model

The correlation for the temperature efficiency including the LHC
effect is described in Eq. (1) and agrees with the results of the numerical
solution using the finite difference discretisation method by Bahnke and
Howard [13].

In this study, the empirical correlations of temperature efficiency
and pressure drop presented in Section 2.1 were verified against
experimental measurements. The measurements and sensors used in the
test comply with the EN308 testing standard [22]. Fig. 8 shows the
testing box for the rotary heat exchanger and its connections to the
airflows. The experimental measurements of temperature efficiency and
pressure drop through the developed heat wheels were conducted under
the dry testing condition of the EN308 standard [22]. The outdoor air
temperature was 5 °C, the extract air temperature was 25 °C, and the
relative humidity of the extract air was lower than 30 %. Before and after
the testing box, air static pressure was measured at the air ducts in the
direction of the airflow. Measurements of the airflow rates were carried
out with an uncertainty of + 1.5 % using orifice plates with corner
tapings, following ISO 5167 [32,33]. Temperatures were measured with
Pt 100 sensors with an uncertainty of + 0.1 °C. The static pressure
measurements have a total uncertainty of 1 % of the measured values.
The overall relative uncertainties of the measured efficiency and pres-
sure drop were lower than + 3 % and + 5 %, respectively.

The specifications of the experimentally tested rotary heat exchanger
are given in Table 1. We obtained acceptable agreement between
calculated values from the empirical equations and experimental mea-
surements for temperature efficiency and pressure drop over the
different airflow rates (Fig. 9).

Based on Fig. 9(A), omitting LHC can lead to inaccurate temperature
predictions and poor designs for rotary heat exchangers, especially for
low airflow rates. Moreover, the trend of temperature efficiency in Fig. 9
(A) confirms that reducing airflow rates does not always increase tem-
perature efficiency, as LHC has a greater impact on lower airflow rates.
Hence, the LHC effect must be considered when designing highly effi-
cient rotary heat exchangers. The measured pressure drops shown in
Fig. 9(B) are slightly higher than the predicted values. This discrepancy
could be attributed to the omission of entrance and exit pressure changes
from the calculation.

Search parameters and ranges

» Maximum occupants number (X;)

- Supply air temperature (X2)

- Indoor air temperature (Xs)

« Frost protection temperature in exhaust air (X,)
- Fan efficiency (X1,)

Constant inputs

+ Diameter of rotary heat exchanger (Xs)

+ Height of corrugation channel (Xg)
Period of corrugation channel (X7)
Depth of rotary heat exchanger (Xz)

» Thickness of corrugated material (Xo)
+ Rotation speed (X10)

A
Optimizer
Pattern search optimisation

Trials
(X5, X6, X7, X5, Xo, X10)

A

Annual net energy savings
« Annual recovered energy
+ Annual fan power

Objective: maximize Q¢

Constrain: 0 < a < 1

Output
Optimum design to maximise Quet, opt

Fig. 7. Optimisation of rotary heat exchanger design to maximise annual net energy savings.
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Extract air

Fig. 8. Picture of the testing box including the tested rotary heat exchanger (adapted from [34]).

Table 1
Specifications of the tested rotary heat wheel.
Parameter Value Parameter Value
Wheel depth 150 mm Ventilation 50 m®/h - 400 m®/h
rate
Wheel diameter 400 mm Air density 1.2 kg/m®
Matrix 0.055 mm Rotary speed 10 RPM
thickness
Matrix material ~ Aluminium Channel shape Sinusoidal
k =205 W/(m - K) Channel height: 1.4
¢, =900 J/(kg - K) mm
Channel period: 3.0
mm

3.2. GSA results for the annual temperature efficiency and annual net
energy savings

The input parameters and their changing intervals are presented in
Table 2. The variance-based Sobol’s GSA method described in Section
2.3 is performed. The main influential factors on the annual

performance of heat recovery through DCV are identified with the
variance-based GSA.

The first-order and total sensitivity indices of the annual average
temperature efficiency Eff,.q, were computed using Egs. (14) and. (15),
with Effpeqn calculated according to Eq. (10). The sampling number for
the changing range of the input parameters is 2,000 using Sobol’s
sequencing approach [28]. An input parameter is generally considered
insignificant or irrelevant when its first-order sensitivity index is lower
than 0.05. The results of the first-order and total sensitivity indices for
the annual temperature efficiency are illustrated in Fig. 10. The figure
shows that the impacts of the frost protection temperature (X4), the
thickness of the corrugation material (Xo), the rotational speed (X;0) and
the specific fan power (X;1) are insignificant, as the first-order and total
sensitivities of these four parameters are negligible. Therefore, changes
in these four parameters within the variability ranges defined in this
study have little impact on annual efficiency.

The pie chart at the top right of Fig. 10 shows the ranking of the first-
order sensitivity of input parameters and their interaction effects. The
supply air temperature setpoint (X2) and the indoor (extract) air
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Fig. 9. Validation for (A) temperature efficiency and (B) pressure drop.
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Table 2
GSA input parameters and changing ranges of interest.

D Input parameters [unit] Range of interest
[lower bound, upper
bound]

X, Design occupant number [person] [50, 100]

Xo Supply air temperature [°C] [16,20]

X3 Indoor (extract) air temperature [°C] [18,22]

X4 Frost protection temperature of exhaust air [-10, 0]

[°C]

X5 Diameter of rotary heat exchanger [mm] [600, 1400]

Xe Height of corrugated channel [mm] [1,4]

X, Period of corrugated channel [mm] [1,4]

Xg Depth of rotary heat exchanger [mm] [100, 300]

Xg Thickness of corrugation material [mm] [0.02, 0.08]

X10  Rotational speed [RPM] [6,15]

X11 Specific fan power [kW/(m%/s)] [1.2, 2.5]

temperature (X3) have the two most significant values of first-order
sensitivity indices. Therefore, they have the most significant impact on
annual average temperature efficiency as the main effect of changes in
single input parameters. This can be attributed to the regulation of the
supply and extract air temperatures to limit the operating temperature
efficiency and avoid overheating the supply air. In this study, for GSA,
the supply air temperature is set as a constant within a range of
16-20 °C. If the temperature of the air leaving the heat exchanger is
higher than the supply air temperature setpoint, the exchanger’s effi-
ciency is reduced by reducing the rotational speed. This often occurs in
the Oslo climate, as indicated by the GSA results. It should be noted that
the setpoint of the supply air temperature (X3) also has an impact on the
energy use for space heating, which is not included in this study. The
investigated system boundary in this study is limited to the air handling
unit (AHU).

The sum of first-order sensitivity indices for all input parameters
(0.52) is much lower than 1, which implies the presence of strong
interaction effects between input parameters. These interaction effects
are also indicated by the high values of the total sensitivity indices for
the height and period of the corrugated channel (X¢ and X7, respec-
tively). As mentioned in Section 2.3, the first-order effects of X¢ and X7
on annual efficiency are small. Nevertheless, these two parameters still
play an important role and cannot be omitted, as they have relatively
high interaction effects. In particular, they determine the aspect ratio of
the channel and thus have a decisive impact on the heat transfer coef-
ficient for a fully developed laminar flow; they also partially determine
the total heat transfer area. In light of this finding, the aspect ratio of the
sinusoidal channel should be carefully designed and constructed with
the aim of achieving high annual temperature efficiency.

The first-order and total sensitivity indices for the annual net energy
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savings are shown in Fig. 11 with a sampling number of 2,200. These
results reveal that the greatest effect is from the design occupant number
(X;) in comparison to all the other single input parameters (Fig. 11). This
reflects the decisive role of occupant number in determining the venti-
lation airflow rates according to the ventilation regulation [25]. The
supply air temperature setpoint (X»), depth of rotary heat exchanger
(Xg) and specific fan power (X;1) have similar impacts as single pa-
rameters on net annual energy savings.

The interaction effects between input parameters account for about
one-third of the overall impact of all the parameters. As explained in
Section 2.3, the difference between total sensitivity and first-order
sensitivity indicates an input parameter’s interaction effect with other
parameters. Fig. 11 shows that the diameter of the rotary heat exchanger
(Xs) has the highest interaction effect with other parameters on annual
net energy savings. The impact of the frost protection temperature of
exhaust air (X4), the thickness of the corrugation material (Xo9) and the
rotation speed (Xj0) can be neglected in the input range of interest.

It can be concluded that different factors should be prioritised to
optimise annual efficiency or annual net energy savings. The four factors
that have the most significant effects on annual energy savings are the
maximum occupant number (X;), the diameter of the rotary heat
exchanger (Xs), the supply air temperature setpoint (X2) and the depth
of the rotary heat exchanger (Xg). The corresponding four most influ-
ential factors on annual efficiency are the height of the corrugated
channel (Xg), the period of the corrugated channel (X;), the supply air
temperature (X2) and the depth of the rotary heat exchanger (Xg). The
impacts of the supply air temperature setpoint (X3) and the depth of the
wheel (Xg) are important for both annual temperature efficiency and
annual net energy savings.

The most influential input parameters identified for annual effi-
ciency and annual net energy savings are different. This may be because
the effective recovered energy amount (denoted by Eq. (16)) considers
the temperature difference between indoor and outdoor, ventilation rate
profiles and fan power; in contrast, the annual efficiency (denoted by Eq.
(10)) does not cover these factors.

3.3. Optimisation of the rotary heat exchanger targeting the maximum net
annual energy savings

We optimised the parameters that designers can control for rotary
heat exchangers in the defined range of interest to maximise the annual
net energy savings (as denoted by the objective function Eq. (16)). The
maximum iterations and function evaluations for optimisation are set to
20,000 and 15,000, respectively. The mesh tolerance and step tolerance
are le-12. The input parameters, initial value and changing intervals are
provided in Table 3.

This study aims to determine the parameters (X5—Xj) that a designer

Fig. 10. First-order and total sensitivity index of
input parameters for annual average temperature ef-
ficiency (X; — Design occupant number, X, — Supply
air temperature, X3 — Indoor (extract) air temperature,
X4 — Frost protection temperature of exhaust air, X5 —
Diameter of the rotary heat exchanger, Xs — Height of
the corrugated channel, X; — Period of the corrugated
channel, Xg — Depth of rotary heat exchanger, Xg —
Thickness of corrugation material, X;o — Rotational
speed, X;; — Specific fan power).
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Fig. 11. First-order and total sensitivity index of input parameters for annual net energy savings (X; — Design occupant number, X5 — Supply air temperature, X3 —
Indoor (extract) air temperature, X4 — Frost protection temperature of exhaust air, Xs — Diameter of rotary heat exchanger, X — Height of corrugated channel, X; —
Period of corrugated channel, Xg — Depth of rotary heat exchanger, Xo — Thickness of corrugation material, X;o — Rotational speed, X;; — Specific fan power).

can control on a rotary heat exchanger to obtain maximum net annual
energy savings. The maximum occupant number (X;), supply air tem-
perature (X2), indoor air temperature (X3), frost protection temperature
(X4) and fan efficiency (X’11) have been fixed as constant input param-
eters. The optimisation of annual net energy savings is complicated by
the fact that some factors in the objective function Eq. (16) counteract
each other. For instance, increasing the depth of the rotary heat
exchanger enlarges the heat transfer area and results in higher heat re-
covery rates. However, increasing the exchanger depth also increases
the pressure drop through the exchanger, which increases the fan power.
As a result, it is necessary to seek an optimal combination of the pa-
rameters that maximises the annual net energy savings considering both
recovered energy and extra fan power consumption by using a heat
exchanger. It should be pointed out that we did not consider the pressure
drop of the rest of the ventilation system, as it is case-dependent for
different ventilation ductwork sizes, layouts, filters and other ventilation
components. Only the pressure drop through the heat recovery is
included in the optimisation (Table 3).

The maximum annual net energy was investigated for different
design occupant numbers (50, 100 and 150). The optimisation process
for these different occupant numbers is illustrated in Fig. 12. All the
optimisations substantially improve the annual net energy savings. For
instance, at a design occupant number of 50, the annual recovered

Table 3
Input parameters, initial values and their changing intervals for optimisation.

D Input parameters [unit] Initial Search range
value [lower bound, upper
bound]
Xy Design occupant number [person] 50 Constants (50, 100,
150)

X Supply air temperature [°C] 18 Constant

X3 Indoor air temperature [°C] 21 Constant

X4 Frost protection temperature of -5 Constant
exhaust air [°C]

Xs Diameter of rotary heat exchanger 1,500 [1,000, 2,500]
[mm]

Xe Height of corrugation channel 2.0 [1,4]
[mm]

X7 Period of corrugation channel 3.0 [1,4]
[mm]

Xg Depth of rotary heat exchanger 100 [50, 300]
[mm]

Xg Thickness of corrugated material 0.05 [0.02, 0.1]
[mm]

X10 Rotation speed [RPM] 8 [6,15]

X'y Fan efficiency 0.5 Constant
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energy can be increased by up to 48 % by optimising the design of the
rotary heat exchanger. The relative increase in net energy savings grows
as the design occupant number decreases from 150 to 50. Nevertheless,
optimisation recovers more energy for large buildings (absolute in-
crease) than small office buildings. It should be noted that optimisation
for different sizes of buildings has been conducted with the same initial
input parameters of the rotary heat exchanger. This is not a realistic
representation of the design process. However, the aim of the study is to
demonstrate that the pattern-search optimisation technique is a viable
method that can be applied to optimise the design of rotary heat ex-
changers aiming to maximise annual net energy savings.

Table 4 shows that the optimum diameter of the exchanger increases
with the design occupant number. The maximum annual net energy
savings are achieved with a thin matrix, which reduces the LHC and the
heat capacity of the rotary heat exchangers. Within the study’s search
ranges, the maximum rotational speed of 15 RPM always contributes to
maximising the annual net energy savings. However, higher rotational
speeds may result in higher levels of cross-contamination due to higher
carryover rates. 300 mm is set as the upper bound of the depth of the
rotary heat exchanger mainly due to the volume of the AHU.

It should be noted that the optimisation was performed under con-
stant supply, extract air and frost protection temperatures to ease the
optimisation (Table 3). In practice, these temperatures depend strongly
on the design of the building automation system, commissioning and
maintenance. As Fig. 11 shows, the contribution of extract air and frost
air temperature to the annual energy savings is negligible. As a result,
the influence of fluctuations in these temperatures can be ignored. Using
the optimised heat wheels for different design occupant numbers, the
supply air temperature, which is in the range of 16-20 °C, gives a
maximum relative difference of 7.8 % for the optimised annual energy
savings.

3.4. Limitations of this study

1. This study only investigated a single Norwegian city, Oslo. Oslo
weather data was chosen to be representative of cold climates. More
regions in cold climates could be studied and compared with the
proposed methods.

2. In this study, only the occupancy profile in the design standard is
used to prescribe the ventilation rates. The paper focuses on
demonstrating the use of GSA and optimisation to explore the effect
of different input parameters and increase annual net energy re-
covery. However, measured ventilation data can also be used to
obtain more realistic ventilation rate profiles for further study.
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Fig. 12. The optimisation process for rotary heat exchangers to maximise annual net energy savings in DCV for different design occupant numbers.

Table 4

Optimal designs of rotary heat exchangers for different design occupant numbers.

Design occupant Diameter of rotary heat Height of corrugated

Period of corrugated

Depth of rotary heat Thickness of Rotational speed

number exchanger [mm] channel [mm] channel [mm] exchanger [mm] matrix [mm] [RPM]
50 1211 2.8 2.2 300 0.026 15
100 1385 2.3 2.2 300 0.050 15
150 1835 2.3 2.2 300 0.034 15

4. Conclusions

This paper decomposes the empirical determination of the temper-
ature efficiency for rotary heat exchangers in ventilation systems. The
LHC effect, which is often overlooked but results in efficiency loss at low
airflow rates, is taken into account in variance-based GSA and optimi-
sation of rotary heat exchangers. We obtained a good agreement be-
tween the theoretical calculations and experiential measurements for
temperature efficiency and pressure drop. The distinct effects of these
design input parameters and the effects among their interactions on
annual temperature efficiency and annual net energy savings have been
quantified with the variance-based GSA method. The optimal designs of
the rotary heat exchangers for annual net energy savings were imple-
mented through pattern-search optimisation. The energy used for
heating ventilation air was revealed in DCV, taking into account the LHC
effect in rotary heat exchangers. The main findings are as follows:

1. The GSA results for annual temperature efficiency show that the
supply air temperature setpoint and indoor air temperature, as single
input parameters, have the most significant impacts when the rotary
heat exchanger is used in DCV. Despite low first-order effects of the
height and period of the corrugated channel on annual efficiency, the
interaction effects between these two parameters play an important
role.

2. The amount of annual net energy savings is strongly influenced by
the design occupant number (building size) and the resulting venti-
lation rate profiles in a DCV. Parameters and their interactions, such
as the frost protection temperature of exhaust air, the thickness of
corrugated material and rotation speed, have negligible effects on
annual net energy savings. Suppose the design occupant number is
fixed for a specific building. The energy savings are mainly influ-
enced by the parameters including supply air temperature setpoint,
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depth and diameter of the rotary heat exchanger and specific fan
power.

3. The optimisation of the heat wheel design parameters using the
pattern-search approach can significantly increase energy savings.
For an office building equipped with DCV and a design occupant
number of 50, the annual net energy savings can increase by 48 %
with the optimal design compared to the baseline rotary heat
exchanger. Accordingly, accurate and practical information about a
building’s occupants and usage will help to design optimal rotary
heat exchangers that achieve the maximum amount of energy
savings.

4. Longitudinal heat conduction in the metallic matrix degrades the
temperature efficiency, causing the heat exchanger to recover less
energy. The inefficiency effect is more evident for lower airflow rates
and deeper exchangers. Therefore, considering both the LHC effect
and the high pressure drop penalty, designs with deep rotary heat
exchangers should be avoided.
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