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Today’s buildings are becoming more insulated and airtight to reduce transmission heat losses. Energy use for
ventilation can represent up to half of these buildings’ total energy use. Heat recovery in ventilation and demand-
controlled ventilation (DCV) are energy-efficient measures to reduce ventilation energy use, especially when
combined. However, this study revealed that the often-overlooked longitudinal heat conduction (LHC) in
aluminium rotary heat exchangers might yield less efficient heat exchangers, particularly for intended high-
efficiency heat recovery at low ventilation rates in DCV. This study presents a theoretical method to assess
the effect of LHC on the amount of energy used to heat ventilation air for several ventilation strategies. The
method is demonstrated in a case study for a virtual office building in a cold climate (Oslo, Norway). When
neglecting the LHC effect, the energy used to heat the supplied air using DCV with a rotary heat exchanger is
about three times smaller than when considering LHC. Unlike earlier studies, we find that DCV may consume
more ventilation heating energy than constant air volume (CAV) ventilation when the selected wheel is deep and
oversized due to LHC. This study highlights the need to design rotary heat exchangers carefully in order to
account for the LHC effect, particularly when targeting zero emission buildings (ZEB).

concentration of selected markers can use less energy while maintaining
acceptable indoor air quality (IAQ) [13]. Wachenfeldt et al. [6]
measured energy savings of 21% on heating demands and 87% on fan
consumption in two Norwegian schools. Furthermore, Ahmed et al. [5]
used a verified dynamic simulation to calculate a decrease of 33-41% in
energy use for heating, cooling and fans in a Finnish office building
compared to a CAV system.

Ventilation heat recovery systems are often recommended or

1. Introduction

Adequate ventilation is vital to sustaining satisfactory indoor ther-
mal comfort, ensuring healthy indoor air quality and avoiding building
damage, particularly for highly insulated and airtight buildings.
Nevertheless, ventilation energy use ranges from 10 to 50% of buildings’
electricity consumption [1]. Moreover, buildings’ energy use accounts

for approximately 40% of global energy consumption and over 30% of
total greenhouse gas emissions [2,3]. DCV and heat recovery ventilation
are widely accepted energy-efficiency measures, and they have been
extensively studied and applied after improving building envelopes
[4-71.

HVAC systems in buildings usually operate at part loads depending
on the weather conditions, internal loads and occupancy profiles [8-10].
Typically, offices operate at a rate of 10-40% below total capacity,
restaurants operate at 30-60% below total capacity and schools operate
at 10-70% below the total capacity [11]. Due to new home office work
habits that arose during COVID-19 and continue today, the rate of HVAC
operation in offices can be even lower [12] and is expected to remain
this way. DCV systems that modulate ventilation rates in response to the
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required to save heat energy in high-performing buildings. For instance,
the parameter-based requirements of the latest Norwegian building
regulation, TEK 17 [14], require a temperature efficiency over 80%.
With the development and optimisation of heat recovery systems, over
90% of ventilation heat can be recovered [15-20]. Rotary heat ex-
changers perform efficiently in counterflow with simple ductwork con-
nections [17,18]. Their recovery efficiency depends on multiple factors
including exchanger design, operating ventilation rates, efficient area
for heat transfer and rotary speeds.

When airflow rates are reduced in DCV, heat recovery efficiency is
expected to increase. However, the presence of longitudinal heat con-
duction (LHC) in the flow direction in rotary heat exchangers jeopar-
dises the efficiency of heat recovery. The driving force of LHC is
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Nomenclature

Parameters

A Heat transfer area [m?]

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

C* Ratio of minimum to maximum heat capacity rates [—]

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

C* Ratio of total matrix heat capacity rate

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

g Proportionality constant [—]

h Convective heat transfer coefficient [W/m? K]

k Thermal conductivity [W/(mK)]

L Depth of the wheel [m]

m Mass flow rate [kg/s]

N Rotation speed [RPM]

Re Reynolds number [m?]

U Overall heat transfer coefficient [W/m? K] or uncertainty

Subscript

m Matrix

min Minimum

Abbreviations

CAV Constant air volume

DCV Demand-controlled ventilation
LHC Longitudinal heat conduction
NTU Number of heat transfer units
SV Scheduled ventilation

Greek letters

a Aspect ratio of the channel

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

13 Temperature efficiency

Ap Pressure drop [Pa]

@ Dimensionless parameter

Rotary heat
exchanger
metallic matrix

S

/
.
.
.
.
.
B :
. 7
.
.

Outdoor airI

Fig. 1. Rotary heat exchanger and longitudinal heat conduction (adapted
from [18]).

temperature differences in the metallic heat storage matrix (Fig. 1). LHC
in the metallic matrix flattens the temperature distributions, thus
reducing the mean outlet temperature of the supply air [21]. The sig-
nificant effect of LHC on highly efficient heat exchangers was revealed
and studied several decades ago [14-16,23,24]. Nevertheless, methods
of improving recovery efficiency, including through the development of
highly efficient rotary heat wheels with a reduced LHC effect, have not
been developed until recently. For example, Liu et al. [18] theoretically
developed highly efficient wheels by reducing LHC and enhancing heat
transfer characteristics for residential ventilation. When constructed
with plastic and stainless steel, the temperature efficiency of these heat
wheels can reach 90%, which was verified against experimental mea-
surements. However, to the authors’ knowledge, the LHC effect for large
heat wheels in non-residential buildings has not been studied.

In a existingzero-carbon neighbourhood in Belgium [25],
demand-controlled exhaust ventilation systems and mechanical venti-
lation systems with heat recovery were compared. Using automatic

monitoring data, in situ measurements and occupant surveys, the DCV
system has been shown to use less electricity, have comparable heating
demands and provide a comparable indoor air quality relative to heat
recovery ventilation in this case study [25]. Mercer and Braun [26]
found that DCV combined with heat recovery is the recommended so-
lution to save energy and reduce costs compared with CAV for small
commercial buildings. Using ANSI/ASHRAE/IES Standard 90.1-2010 as
a base case, Jiru [27] used the energy performance simulation software
EnergyPlus [28] to demonstrate how HVAC energy conservation mea-
sures can save energy. In Jiru’s study, primary schools and standalone
retail stores were able to reduce energy consumption by combining total
energy recovery systems and DCV energy conservation measures
compared to the base case for the selected climates and locations [27].
When DCV is combined with economizer control in buildings, indoor air
quality can be improved and cooling/heating energy consumption can
be reduced [29]. The combination of DCV and heat recovery is a viable
solution to reduce energy demand in ventilation systems for
non-residential, nearly-zero-energy buildings [30]. However, none of
the above studies considered the inefficiency due to the LHC effect for
the combination of heat recovery and DCV.

Lower flow rates and a high thermal conduction matrix (e.g. the
commonly used aluminium) aggravate the negative effect of LHC. In
contrast to the improved recovery efficiency for lower airflow rates in
DCV, the measured temperature efficiency — and thus energy savings —
turn out to be much lower than calculated or simulated when LHC is
taken into account. Indeed, various studies have observed and modelled
the reduction in temperature efficiency due to the LHC effect at low
airflow rates [21,22,31]. Shah and Sekulic [21] calculated an efficiency
reduction for a rotary heat exchanger from 91% to 73% due to LHC.
Similarly, Liu et al. [31] observed a 20% efficiency reduction (from a
designed efficiency of 90% to a measured efficiency of 70%) in a highly
efficient heat wheel used in a renovated Norwegian office building.
Significant thermal efficiency deterioration in heat exchanges as a result
of LHC has also been detected in numerous studies, including [18,
31-35].

In summary, the efficiency reduction due to LHC degrades energy
efficiency, making it more challenging for buildings to achieve the target
of zero emissions. To the authors’ knowledge, the LHC effect in rotary
heat exchangers that incorporate DCV or CAV has not been investigated
from the perspective of annual performance for office buildings. Fig. 2
illustrates the LHC effect on temperature efficiency and heat energy use
in DCV and CAV ventilation. Under certain conditions, DCV with heat
recovery can require more energy to heat ventilation air than CAV with
heat recovery due to the LHC effect (Fig. 2). These conditions, however,
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Fig. 2. Illustration of LHC effect on energy use for DCV and CAV (not to scale).

have not yet been identified.

This study was carried out to explore the potential limitations of
using heat recovery with different ventilation control strategies and to
investigate more realistic ventilation energy uses for DCV and CAV when
LHC effects are considered. The novelty and key contributions of this
work are as follows:

e This study investigates the role of the LHC effect for different
ventilation schemes that incorporate rotary heat exchangers, thus
revealing potential design limitations.

e We detect non-optimal rotary heat exchanger designs that lead to
energy-inefficient ventilation for the first time. This finding can be
used to improve the design of energy-efficient ventilation heat
recovery.

e We provide the theoretical basis for the energy-efficient combination
of DCV with heat wheels. This can be further considered using
building performance simulation software, such as IDA-ICE [36] or
EnergyPlus [28]. Highly efficient ventilation systems contribute to
closing the energy performance gap and facilitating zero-emission
buildings.

This article is organised as follows. Section 2 details and validates the
method of calculating temperature efficiency and ventilation energy use
for the rotary heat exchanger considering the LHC effect. It also presents
the specifications of the studied building and ventilation system. Section
3 demonstrates and discusses the simulated temperature efficiency of
the rotary heat exchanger and ventilation energy use in a virtual office
building in Oslo, Norway, employing the proposed methods for different
ventilation control strategies and occupancy profiles. Finally, the con-
clusions are presented and discussed at the end of this paper.

2. Methodology
2.1. Temperature efficiency of rotary heat exchanger

In this paper, the temperature efficiency for rotary heat exchangers
with and without the LHC effect has been numerically solved and
empirically correlated [21]. We developed the correlation based on the
commonly used ¢ — NTU method. The essential equations we employed
to calculate the temperature efficiency and ventilation energy use are
provided below.

Temperature efficiency for rotary heat exchangers neglecting LHC
can be obtained with Eq. (1) [21]. The first term on the right-hand side
of the equation reflects the influence of the number of transfer units
(NTU) in counterflow arrangement and accounts for the efficiency of
pure counterflow heat exchangers. The term in parentheses denotes the
influence of effective heat transfer capacity from wheel to air (i.e. the
influence of effective heat storage into the matrix of the heat wheel).

NTU, 1
1- 1
1+ NTU, < 9c;193> )

To consider the LHC, an additional term is introduced to Eq. (1), and
the correlation becomes the following:

Cy
(1 2- C*> @

where C, is a function of NTU and 4 is the LHC indicator of the wheel
material. C; is calculated from Egs. (3) and (4):

Eexclude_LHC =

_ 1
9(¢y)

NTU,
1+ NTU,

Einclude_LHC = 1.93

1 1
T 1+ NTU,(1 +29)/(1 + ANTU,) 1+ NTU,
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where @ (Eq. (4)) is a process parameter and

C; 3)

_ kmAk

1=
LCin

(5)

A ranges from O to 1. The higher the 4 value, the greater heat con-
duction and efficiency loss in the rotary heat exchanger. A good thermal
conductor (with a high ky,, like aluminium) and low airflow rates (e.g.
the reduced airflow rates in DCV) lead to lower heat capacity (C;,) and
thus yield higher LHC and higher efficiency loss.

NTU, is the number of transfer units, defined by Eq. (6):

U,A
(mcp)min
A is the effective heat transfer area. Compact heat wheels have large

heat transfer areas resulting from their corrugated surfaces. (mCp),,, is
the minimum heat capacity of the air in the supply and exhaust sides.

NTU, = (6)
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The overall heat transfer coefficient, U,, is obtained as follows:

2 s\
U”:<Z+3k> @

where % represents the convective resistance for the balanced supply and
extract air and % represents the transverse heat conduction in a rotary
heat exchanger [15]. The convective heat transfer coefficient, h, is
calculated from Eq. (8):

Nuk,;,
f = i ®

Dlz

The Nusselt number, Nu, is determined under the thermal boundary
of a constant heat transfer rate. It is calculated for sinusoidal channels
with the laminar flow as follows [21]:

Nuy; =1.9030(1 +0.4556a + 1.2111a° — 1.6805a’ +0.7724a* — 0.12280°)
9

where a, the aspect ratio, is the ratio of the channel height to the period.

Given hourly ventilation rates, hourly temperature efficiency with
and without the influence of LHC can be calculated with Eq. (1) through
(6).

Ventilation energy use consists of two parts: 1) energy used for
heating the ventilation air (we assume that there is no need for cooling
in Norway) and 2) fan power used for delivering ventilation air. In this
study, we use the specific fan power of 1.5 kW/(m?/s) for the supply and
extraction of air in energy-efficient buildings [14].

Heat recovery can partially or fully heat the air to the set point of the
supply air temperature. A heating coil is needed to heat the air further if
the supply air temperature setpoint is not reached after heat recovery. As
a result, the rotary heat exchanger’s temperature efficiency impacts the
ventilation heating energy. The total annual energy use for heating
ventilation air in a reference year is described by Eq. (10):

8760

Q = Z micp <tsupply - <Eﬁ(1 (lindoor - tautdoar.i) + loutdour.i) ) t; (10)
i=1

In Eq. (10), the term (Eff;(tindoor — toutdoori) + toutdoori) T€Presents the air
temperature at the outlet of the supply side of the heat recovery system.
Thus, the difference between the set point of supply air temperature
(tappty) and the air temperature at the outlet of the supply side of the heat
exchanger must be heated by the heating coil (post-heater) in air
handling unit (AHU). The hourly temperature efficiency of heat recov-
ery (Eff;) considering controls for frosts and overheating prevention can
be obtained with Eq. (11).

Tsupply — 1. i
supply outdoor i .
11f (touldoor N +8(tind00r ,i — ‘outdoor .i) > tsupply > Toutdoor .i)

tinduor g toutduor N
0,if (1, i >t
) outdoor ,i supply
Eff, =
Tindoor ,i — Ifrost protecti
5 protection . .

- ., f (tindnnr i€ (Zindnor i — Toutdoor ,i) < frost protection )

Tindoor ,i — Loutdoor i

¢, (for the rest of the conditions )
an

In Eq. (11), the temperature efficiency is adjusted to prevent over-
heating when the outdoor air temperature is relatively high and to
protect the heat exchanger from freezing by reducing the recovery ef-
ficiency. When the outdoor air temperature exceeds the set point of the
supply air temperature, the rotary heat exchanger is stopped (the tem-
perature efficiency becomes zero) and the ventilation air is bypassed
from the heat recovery unit.

2.2. Studied building and ventilation

We developed a simulation case for a virtual office building in Oslo,
Norway. The building performance complies with Norwegian Building

Building and Environment 224 (2022) 109542

Table 1
Specifications of the verified rotary heat exchanger.
Parameter Value Parameter Value
Wheel depth 150 mm Air density 1.2 kg/m?®
Wheel 400 mm Rotary speed 10 RPM
diameter
Wall 0.055 mm Channel shape Sinusoidal
thickness
Wall Aluminium k = 205 Channel height and Channel height:
material W/(meK) channel period 1.4 mm
¢p = 900 J/(kgeK) Channel period:
3.0 mm

1.0
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Fig. 3. Occupancy diversity factors in a landscaped office building during
weekdays from NS3031 [38] and Halvarsson [37].

Regulation TEK17 [14]. The design occupancy density is 15 m?/person,
and the maximum number of occupants is 60. The building is equipped
with a DCV with balanced supply and exhaust. The building’s ventila-
tion rates are assumed to respond ideally to occupancy. The ventilation
rates are specified to 26 m>/h/person, consistently with the Norwegian
building codes [14]. They also reflect building materials: 2.5 m3/h/m?
when the room is in use and 0.7 m3/h/m? when it is vacant. The set point
of the supply air temperature is 18 °C, and the frost protection tem-
perature of the exhaust air is —5 °C.

Fig. 3 shows the occupancy diversity factors on weekdays for office
buildings from the standard NS3031 [20] as well as Halvarsson’s [37]
measurements for office buildings in Nordic countries. Halvarsson
constructed the hourly diversity factors by averaging ten offices’ yearly
occupancy [37]. As shown in Fig. 3, the measured occupancy in office
buildings in Nordic countries is lower than the occupancy defined by
Norwegian Standard NS3031 [38]. A similar trend was detected for an
American office building when the standardised values in ASHRAE 90.1
were compared to measured occupancy diversity factors [39]. The oc-
cupancy diversity factor is zero outside working hours and during
weekends. In this study, we compare the ventilation energy use for these
two schemes of occupancy diversity factors and the corresponding
ventilation rates.

2.3. Vadlidation of temperature efficiency and LHC effect

We validated the temperature efficiency and the effect of the LHC for
the rotary heat exchanger using the measured temperature efficiency of
a rotary heat exchanger in the laboratory. The specifications of the
tested rotary heat exchanger are given in Table 1. The experiment was
conducted according to EN 308 [40]. Fig. 4 shows the rotary heat ex-
changer’s test box and airflows.

Eq. (12) calculates the total uncertainty of the parameters of interest,
which is composed of bias and precision errors [41]:
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Fig. 4. Test box of the rotary heat exchanger in the laboratory (adapted from [19]).
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(12)

where Uy, represents the total uncertainty of the measured variables.
This value can be determined with Eq. (13):

U,=VB+P? 13)

The Pt100 temperature sensor used for the measurements in this
study has a measurement accuracy of +0.1 °C. The airflow measure-
ments using orifice plates and manometers have a total uncertainty of +
1.5%. Finally, the measurement of static pressure is subject to an un-
certainty of +£1.0%. Taken together, the total measurement uncertainty
of the temperature efficiency is estimated to be +3.0%.

The temperature efficiency with and without LHC is calculated with
Egs. (1)-(9). The measured and calculated temperature efficiencies are
shown in Fig. 5. The calculated temperature efficiency including the
LHC effect agrees well with the measured values. In contrast, the cor-
relation neglecting LHC overestimates the temperature efficiency,
especially for low airflow rates (Fig. 5). Fig. 5 shows that the maximum

loss of efficiency due to LHC is approximately 30% at a low airflow rate;
this loss of efficiency is smaller for higher flow rates. It is challenging to
achieve a temperature efficiency higher than 80% with the tested wheel.
The reason is that at low airflow rates, the LHC effect is dominant and
acts as a heat dissipator, while efficiency begins to fall with decreasing
NTU values at higher airflow rates.

Based on the ¢ — NTU method and the heat transfer characteristics
addressed in Section 2.1, scaling up the rotary heat exchanger while
increasing airflow rates should be equivalent to a small heat exchanger
with low airflow rates. Therefore, the validation should hold for large
rotary heat exchangers and higher airflow rates in office buildings. The
flow rates in DCV are usually reduced due to partial loads. Hence, the
estimated energy savings are significantly overestimated if the efficiency
loss resulting from LHC in the aluminium rotary heat exchanger is
ignored.

3. Results and discussion
3.1. Temperature efficiency of rotary heat exchanger in DCV

The method described in the Methodology section determines the
ventilation rates for DCV in the virtual office building with a maximum
occupancy of 60 occupants. Fig. 6 shows the results of week 3, repre-
senting winter, and week 14, representing the shoulder seasons. The
occupancy and ventilation rate profiles are otherwise repeated each
week. Table 2 specifies the properties of the selected aluminium rotary
heat exchanger.

Fig. 6 shows the temperature efficiency for weeks 3 and 14. The
largest difference between considering and neglecting the LHC effect is
about 20%; this difference occurs when the building is unoccupied, as
low ventilation is supplied at such times. The efficiency loss due to the
LHC effect is relatively small when the building is occupied and venti-
lation rates rise. The influence of the efficiency loss due to LHC on
ventilation energy use will be illustrated in Section 3.3.

The annual average temperature efficiencies with standardised and
empirical occupancy profiles are presented in Table 3. For both occu-
pancy profiles, if the rotary heat exchanger is not controlled to prevent
overheating and frost, the annual average difference in temperature
efficiency when including or excluding LHC is about 15%. When con-
trols for frost and overheating are included, the average annual differ-
ence in temperature efficiency is 10%. The effect of the two occupancy
profiles on the annual average temperature efficiency is negligible if no
controls on overheating and frost are applied.
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Fig. 6. Occupancy profile for NS 3031 (maximum of 60 occupants), including ventilation rates and temperature efficiency of the rotary heat exchanger with and
without the LHC effect for week 3 (representing winter) and week 14 (representing shoulder seasons). The upper part marked with diagonal lines represents the

efficiency loss due to the LHC effect.

Table 2
Specifications of the aluminium rotary heat exchanger analysed in this study.
Parameter Value Parameter Value
Wheel depth 200 mm Rotary speed 10 RPM
Wheel 1200 Channel shape Sinusoidal
diameter mm
Wall 0.05 Channel height and channel Channel height: 2.0
thickness mm period mm
Channel period: 3.0
mm

The annual average temperature efficiency indicates that achieving
the high expected recovery efficiency of rotary heat exchangers is
difficult due to the LHC effect. Therefore, it is necessary to develop and
adopt highly efficient heat recovery methods to contribute to energy-
efficient HVAC systems and decarbonised buildings.

The occupant and ventilation rate profiles are identical for each
week, as the diversity factors and ventilation demand are identical for

Table 3
Annual average temperature efficiency for an office building with a nominal
occupant number of 60.

Occupancy No controls No controls With controls With controls
profiles on on on on
overheating overheating overheating overheating
and frost and frost, and frost and frost,
excluding including excluding including LHC
LHC LHC LHC
NS 3031 94.5% 79.6% 83.7% 73.4%
[38]
Halvarsson 93.6% 80.3% 90.4% 78.8%
[37]

the occupancy profiles of NS 3031 [38]. In addition to the effect of
varying airflow rates, heat recovery efficiency is also affected by con-
trols to prevent freezing inside heat exchangers during winter (Fig. 6,
week 3, arrow 1) or overheating during shoulder seasons (Fig. 6, week
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Fig. 7. Weekly ventilation rates for different ventilation strategies with a
nominal occupant number of 60.

14, arrow 2).

3.2. Influence of efficiency loss due to the LHC effect on ventilation for
various ventilation strategies

Fig. 5 and 6 present the efficiency loss due to LHC in a rotary heat
exchanger for a DCV. This subsection compares the LHC effect on energy
use for different ventilation control strategies.

We simulated three different ventilation control strategies to inves-
tigate LHC’s influence on ventilation energy use:

DCV: The ventilation rates respond ideally to the hourly occupants’
diversity factors. The hourly ventilation rates are calculated using the
Norwegian specification NS3031 [38].

Scheduled ventilation (SV): The ventilation rate is set to a high
constant (maximum value in DCV) when the building is occupied and
another constant (minimum value in DCV) when unoccupied. This easily
controlled strategy of scheduled ventilation is compared with the
ventilation energy used in DCV.

CAV: The ventilation rate is constant. The rate is calculated based on
the nominal maximum occupants in compliance with TEK17 [14].

The ventilation rates for these three strategies are illustrated in
Fig. 7.

Building and Environment 224 (2022) 109542

The annual energy used to heat ventilation air for these three stra-
tegies was calculated using Eqgs. (10) and (11) (Fig. 8). For DCV and SV,
the estimate of annual energy use is about one-third of the true value for
both occupancy profiles when the LHC influence is not considered
(Fig. 8). The difference in energy use between the two occupancy pro-
files is insignificant for all three ventilation strategies. For CAV, the
annual ventilation energy use is independent of the occupancy profiles,
as the ventilation rate is dimensioned for the expected maximum oc-
cupants in the ventilated space. The underestimation of annual energy
use when neglecting LHC for CAV is about 40% lower compared to an
optimal heat exchanger design with no LHC. These results show that the
influence of the efficiency loss due to LHC in aluminium is significant
and cannot be neglected for the studied case. They also indicate that
commonly used building energy calculation software tools that neglect
LHC (e.g. EnergyPlus [28] and IDA-ICE [36]) overestimate recovery
efficiency, thus underestimating ventilation energy use and resulting
carbon emissions from the operation of the ventilation system. More-
over, if the LHC effect is neglected, there may be a risk of thermal
discomfort caused by drafts because the heating coil may be undersized.
The total fan energy use is unchanged for the same ventilation strategy
since the profiles of ventilation rates and SFP are identical for a single
strategy. Once the LHC-induced inefficiency of the rotary heat
exchanger at lower airflow rates is considered, the energy used for
heating ventilation air becomes comparable to fan energy (Fig. 8).

Next, the annual energy used for heating ventilation air using the
NS3031 occupancy profile (see Fig. 7) was broken down to monthly data
excluding and including the influence of LHC for these three ventilation
control strategies. Fig. 9 shows that DCV and SV use similar amounts of
energy each month. SV may be preferable because rule-based control
strategies are more straightforward than DCV and may require less
maintenance. However, the fan power required for DCV and SV should
also be taken into account when evaluating the two options. Moreover,
the occupancy in this case is presumed to be known and repeated
weekly; in practice, the profiles are likely to be unknown and to vary
from week to week.

3.3. Comparison between different ventilation strategies considering the
LHC effect

Fig. 10 and 11 show the relative difference (RD) results for different
exchanger depths and design occupant load. In most cases, DCV and SV
use similar amounts of energy for ventilation heating (Fig. 10). The
highest energy savings for using DCV compared to SV is 27%. The
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energy-saving potential of DCV, which is indicated by the negative RD
values, increases with the number of occupants. Compared to SV and
CAV, DCV always has the lowest ventilation airflow rates (see Fig. 7).

One might expect that DCV would use the least energy for heating
due to its lower ventilation rate and higher recovery efficiency. How-
ever, as aluminium rotary heat exchangers suffer from the LHC effect,
DCV may use more energy to heat the ventilation air than SV under
certain conditions (as illustrated by the positive RD values in red in
Fig. 10). This possibility arises when the depth of the exchanger exceeds
250 mm and the occupant numbers (building area) are low (Fig. 10).
Moreover, deep exchangers are unfavourable as the pressure drop is
proportional to the depth of the exchanger, and thus they need more fan
power. It should be noted that the fan power is not included in the
comparison of the relative difference; only the energy used for heating
ventilation air is considered.

Similarly, the positive values in red in Fig. 11 show that less energy is
used to heat ventilation air in CAV than in SV, despite CAV’s higher
constant ventilation rate. This is caused by the presence of LHC at low
airflow rates, as explained above. Nevertheless, there are significant
differences in the RD of ventilation heating energy use between SV and
CAV compared to DCV and SV, respectively. This is because the differ-
ence between ventilation rates and the resulting LHC varies substan-
tially between these two comparisons. SV can save more than six times
as much ventilation heating energy as CAV under certain conditions
(Fig. 11).

In contrast to earlier studies, this study shows that DCV may use
more energy to heat ventilation air under certain conditions because
LHC limits heat recovery efficiency at low airflow rates. This issue is
more likely to occur for deep rotary heat exchangers. Hence, deep rotary
heat exchanger designs should be avoided because of their high
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ventilation energy due to the LHC effect. The energy use of deep heat
exchangers can be even higher given their higher pressure penalty and
the resulting need for more fan power.

4. Conclusions

Longitudinal heat conduction (LHC) in aluminium rotary heat ex-
changers is a commonly overlooked factor that causes significant tem-
perature efficiency loss. This work presents a methodology to investigate
the possible limitations of designing and using rotary heat exchangers in
DCV, SV and CAV. We investigated the effect of LHC in a rotary heat
exchanger on recovery efficiency and energy use when heating venti-
lation air by simulating a virtual office building for different ventilation
strategies and two occupancy profiles. As a result of the LHC effect, the
average annual temperature efficiency is reduced by about 10%
compared to the ideal case without LHC.

The influence of LHC on both temperature efficiency and ventilation
energy use cannot be neglected. In this study, the rotary heat exchanger
could not achieve its expected recovery efficiency due to the presence of
LHC. Indeed, the energy use for heating ventilation air was under-
estimated by approximately three times for DCV and SV and 40% for
CAV. For the first time, this study demonstrated that heating ventilation
air with DCV may consume more energy than CAV under specific heat
recovery design conditions because LHC reduces efficiency at low
airflow rates. Deep and oversized rotary heat exchangers are more likely
to experience this issue. As a result, such exchangers should be avoided
since they require more heating energy and fan power due to a higher
pressure drop through the deep wheels.

In light of this study’s findings, assessing the LHC effect for building
energy performance evaluation is essential, especially for buildings
targeting zero emissions. In future work, the efficiency loss due to rotary
heat exchangers should be included in building energy calculation
software. Moreover, the contribution of LHC in rotary heat exchangers
should be considered when evaluating or reducing the building perfor-
mance gap.

CRediT authorship contribution statement

Peng Liu: Writing — original draft, Visualization, Validation, Meth-
odology, Formal analysis, Data curation, Conceptualization. Maria

Justo Alonso: Writing — review & editing. Hans Martin Mathisen:
Writing — review & editing, Project administration.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.
Acknowledgements

This paper was written within the Norwegian Research Centre on
Zero Emission Neighbourhoods in Smart Cities (FME ZEN). The authors
gratefully acknowledge the support from the FME ZEN partners and the
Research Council of Norway (project no. 257660).

References

[1] Energy Information Administration (EIA), Commercial buildings energy
consumption survey (CBECS) (n.d.), https://www.eia.gov/consumption/commerci
al/. (Accessed 21 August 2021).

[2] L. Pérez-Lombard, J. Ortiz, C. Pout, A review on buildings energy consumption
information, Energy Build. 40 (2008) 394-398, https://doi.org/10.1016/j.
enbuild.2007.03.007.

[3] L. Yang, H. Yan, J.C. Lam, Thermal comfort and building energy consumption
implications - a review, Appl. Energy 115 (2014) 164-173.

[4] M. Justo Alonso, P. Liu, H.M. Mathisen, G. Ge, C. Simonson, Review of heat/energy
recovery exchangers for use in ZEBs in cold climate countries, Build. Environ. 84
(2015) 228-237, https://doi.org/10.1016/j.buildenv.2014.11.014.

[5] K. Ahmed, J. Kurnitski, P. Sormunen, Demand controlled ventilation indoor
climate and energy performance in a high performance building with air flow rate
controlled chilled beams, Energy Build. 109 (2015) 115-126.

[6] B.J. Wachenfeldt, M. Mysen, P.G. Schild, Air flow rates and energy saving potential
in schools with demand-controlled displacement ventilation, Energy Build. 39
(2007) 1073-1079.

[7] H.Y. Bai, P. Liu, M. Justo Alonso, H.M. Mathisen, A review of heat recovery
technologies and their frost control for residential building ventilation in cold
climate regions, Renew. Sustain. Energy Rev. 162 (2022), 112417, https://doi.org/
10.1016/J.RSER.2022.112417.

[8] S.N. Al-Saadi, A.K. Shaaban, Zero energy building (ZEB) in a cooling dominated
climate of Oman: design and energy performance analysis, Renew. Sustain. Energy
Rev. 112 (2019) 299-316, https://doi.org/10.1016/j.rser.2019.05.049.


https://www.eia.gov/consumption/commercial/
https://www.eia.gov/consumption/commercial/
https://doi.org/10.1016/j.enbuild.2007.03.007
https://doi.org/10.1016/j.enbuild.2007.03.007
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref3
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref3
https://doi.org/10.1016/j.buildenv.2014.11.014
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref5
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref5
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref5
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref6
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref6
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref6
https://doi.org/10.1016/J.RSER.2022.112417
https://doi.org/10.1016/J.RSER.2022.112417
https://doi.org/10.1016/j.rser.2019.05.049

P. Liu et al.

[91

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

X. Deng, Y. Zhang, Y. Zhang, H. Qi, Towards optimal HVAC control in non-
stationary building environments combining active change detection and deep
reinforcement learning, Build. Environ. 211 (2022), 108680, https://doi.org/
10.1016/j.buildenv.2021.108680.

M. Esrafilian-Najafabadi, F. Haghighat, Occupancy-based HVAC control systems in
buildings: a state-of-the-art review, Build. Environ. 197 (2021), 107810, https://
doi.org/10.1016/j.buildenv.2021.107810.

S. Taylor, in: CO2 DCV Control Strategies, Semin. ASHRAE Winter Conf., 2009.
C.A. Faulkner, J.E. Castellini, W. Zuo, D.M. Lorenzetti, M.D. Sohn, Investigation of
HVAC operation strategies for office buildings during COVID-19 pandemic, Build.
Environ. 207 (2022), 108519, https://doi.org/10.1016/j.buildenv.2021.108519.
N. Nassif, A robust CO2-based demand-controlled ventilation control strategy for
multi-zone HVAC systems, Energy Build. 45 (2012) 72-81, https://doi.org/
10.1016/j.enbuild.2011.10.018.

Byggteknisk forskrift (TEK17) - direktoratet for byggkvalitet (n.d.), https://dibk.
no/byggereglene/byggteknisk-forskrift-tek17/. (Accessed 5 December 2018).

P. Liu, M. Justo Alonso, H.M. Mathisen, C. Simonson, Energy transfer and energy
saving potentials of air-to-air membrane energy exchanger for ventilation in cold
climates, Energy Build. 135 (2017) 95-108, https://doi.org/10.1016/j.
enbuild.2016.11.047.

P. Liu, M. Justo Alonso, H.M. Mathisen, C. Simonson, Performance of a quasi-
counter-flow air-to-air membrane energy exchanger in cold climates, Energy Build.
119 (2016) 129-142, https://doi.org/10.1016/j.enbuild.2016.03.010.

K.M. Smith, S. Svendsen, Development of a plastic rotary heat exchanger for room-
based ventilation in existing apartments, Energy Build. 107 (2015) 1-10, https://
doi.org/10.1016/j.enbuild.2015.07.061.

P. Liu, M. Justo Alonso, H.M. Mathisen, A. Halfvardsson, Development and
optimization of highly efficient heat recoveries for low carbon residential
buildings, Energy Build. 268 (2022), 112236, https://doi.org/10.1016/J.
ENBUILD.2022.112236.

P. Liu, M. Justo Alonso, H.M. Mathisen, A. Halfvardsson, The use of machine
learning to determine moisture recovery in a heat wheel and its impact on indoor
moisture, Build. Environ. 215 (2022), 108971, https://doi.org/10.1016/J.
BUILDENV.2022.108971.

P. Liu, H.M. Mathisen, M. Skaten, M. Justo Alonso, Use of membrane energy
exchanger in ventilation: odour sensory measurement, Build. Environ. 222 (2022),
109430, https://doi.org/10.1016/j.buildenv.2022.109430.

R.K. Shah, D.P. Sekulic, Fundamentals of Heat Exchanger Design, John Wiley &
Sons, 2003. https://books.google.com/books?id=beSXNAZbIWQC&pgis=1.
(Accessed 14 July 2015).

T. Skiepko, The effect of matrix longitudinal heat conduction on the temperature
fields in the rotary heat exchanger, Int. J. Heat Mass Tran. 31 (1988) 2227-2238,
https://doi.org/10.1016/0017-9310(88)90155-X.

G.D. Bahnke, C.P. Howard, The effect of longitudinal heat conduction on periodic-
flow heat exchanger performance, J. Eng. Power. 86 (1964) 105, https://doi.org/
10.1115/1.3677551.

R.K. Shah, A correlation for longitudinal heat conduction effects in periodic-flow
heat exchangers, J. Eng. Power. 97 (1975) 453, https://doi.org/10.1115/
1.3446030.

10

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[371

[38]

[39]

[40]

[41]

Building and Environment 224 (2022) 109542

E. Derycke, W. Bracke, J. Laverge, A. Janssens, Energy Performance of Demand
Controlled Mechanical Extract Ventilation Systems vs Mechanical Ventilation
Systems with Heat Recovery in Operational Conditions : Results of 12 Months in
Situ-Measurements at Kortrijk ECO-Life Community, (n.d.).

T.L. Braun, J.E.K. Mercer, Evaluation of Demand Controlled Ventilation, Heat
Pump Heat Recovery and Enthalpy Exchangers, HL 2003-10, 2003.

T.E. Jiru, Combining HVAC energy conservation measures to achieve energy
savings over standard requirements, Energy Build. 73 (2014) 171-175, https://doi.
org/10.1016/j.enbuild.2014.01.009.

EnergyPlus | EnergyPlus (n.d.), https://energyplus.net/. (Accessed 24 August
2021).

S. Wang, X. Xu, Optimal and robust control of outdoor ventilation airflow rate for
improving energy efficiency and IAQ, Build. Environ. 39 (2004) 763-773, https://
doi.org/10.1016/j.buildenv.2004.01.033.

B. Merema, D. Saelens, H. Breesch, Demonstration of an MPC framework for all-air
systems in non-residential buildings, Build. Environ. 217 (2022), 109053, https://
doi.org/10.1016/j.buildenv.2022.109053.

P. Liu, H.M. Mathisen, M.J. Alonso, Theoretical prediction of longitudinal heat
conduction effects on the efficiency of the heat wheel used for ventilation in
powerhouse building “kjgrbo” in Norway, in: Energy Procedia, 2017, https://doi.
org/10.1016/j.egypro.2017.03.988.

S. Sanaye, H. Hajabdollahi, Multi-objective optimization of rotary regenerator
using genetic algorithm, Int. J. Therm. Sci. 48 (2009) 1967, https://doi.org/
10.1016/j.ijthermalsci.2009.02.008, 1977.

Ch Ranganayakulu, K.N. Seetharamu, The combined effects of wall longitudinal
heat conduction and inlet fluid flow maldistribution in crossflow plate-fin heat
exchangers, Heat Mass Tran. 36 (2000) 247-256, https://doi.org/10.1007/
s002310050392.

H.D.M. Hettiarachchi, M. Golubovic, W.M. Worek, The effect of longitudinal heat
conduction in cross flow indirect evaporative air coolers, Appl. Therm. Eng. 27
(2007) 1841-1848, https://doi.org/10.1016/j.applthermaleng.2007.01.014.

S. Nair, S. Verma, S.C. Dhingra, Rotary heat exchanger performance with axial heat
dispersion, Int. J. Heat Mass Tran. 41 (1998) 2857-2864, https://doi.org/10.1016/
$0017-9310(98)00004-0.

IDA ICE - Simulation Software | EQUA, (n.d.). https://www.equa.se/en/ida-ice
(accessed August 24, 2021).

J. Halvarsson, Occupancy Pattern in Office Buildings: Consequences for HVAC
System Design and Operation, Undefined, 2012.

NS 3031: 2014, (n.d.) Calculation of energy performance of buildings — Method
and data. https://www.standard.no/no/Nettbutikk/produktkatalogen/Produktpr
esentasjon/?ProductID=702386. (Accessed 9 February 2021).

C. Duarte, K. Van Den Wymelenberg, C. Rieger, Revealing occupancy patterns in an
office building through the use of occupancy sensor data, Energy Build. 67 (2013)
587-595, https://doi.org/10.1016/J.ENBUILD.2013.08.062.

BS EN 308, Heat exchangers. Test procedures for establishing the performance of
air to air and flue gases heat recovery devices, n.d.), http://shop.bsigroup.com/Pro
ductDetail /?pid=000000000001094956, 1997. (Accessed 4 August 2015).

H.W. Coleman, W.G. Steele, Experimentation, validation, and uncertainty analysis
for engineers, in: Exp. Valid. Uncertain, third ed., Anal. Eng., 2009, pp. 1-317,
https://doi.org/10.1002/9780470485682.


https://doi.org/10.1016/j.buildenv.2021.108680
https://doi.org/10.1016/j.buildenv.2021.108680
https://doi.org/10.1016/j.buildenv.2021.107810
https://doi.org/10.1016/j.buildenv.2021.107810
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref11
https://doi.org/10.1016/j.buildenv.2021.108519
https://doi.org/10.1016/j.enbuild.2011.10.018
https://doi.org/10.1016/j.enbuild.2011.10.018
https://dibk.no/byggereglene/byggteknisk-forskrift-tek17/
https://dibk.no/byggereglene/byggteknisk-forskrift-tek17/
https://doi.org/10.1016/j.enbuild.2016.11.047
https://doi.org/10.1016/j.enbuild.2016.11.047
https://doi.org/10.1016/j.enbuild.2016.03.010
https://doi.org/10.1016/j.enbuild.2015.07.061
https://doi.org/10.1016/j.enbuild.2015.07.061
https://doi.org/10.1016/J.ENBUILD.2022.112236
https://doi.org/10.1016/J.ENBUILD.2022.112236
https://doi.org/10.1016/J.BUILDENV.2022.108971
https://doi.org/10.1016/J.BUILDENV.2022.108971
https://doi.org/10.1016/j.buildenv.2022.109430
https://books.google.com/books?id=beSXNAZblWQC&amp;pgis=1
https://doi.org/10.1016/0017-9310(88)90155-X
https://doi.org/10.1115/1.3677551
https://doi.org/10.1115/1.3677551
https://doi.org/10.1115/1.3446030
https://doi.org/10.1115/1.3446030
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref26
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref26
https://doi.org/10.1016/j.enbuild.2014.01.009
https://doi.org/10.1016/j.enbuild.2014.01.009
https://energyplus.net/
https://doi.org/10.1016/j.buildenv.2004.01.033
https://doi.org/10.1016/j.buildenv.2004.01.033
https://doi.org/10.1016/j.buildenv.2022.109053
https://doi.org/10.1016/j.buildenv.2022.109053
https://doi.org/10.1016/j.egypro.2017.03.988
https://doi.org/10.1016/j.egypro.2017.03.988
https://doi.org/10.1016/j.ijthermalsci.2009.02.008
https://doi.org/10.1016/j.ijthermalsci.2009.02.008
https://doi.org/10.1007/s002310050392
https://doi.org/10.1007/s002310050392
https://doi.org/10.1016/j.applthermaleng.2007.01.014
https://doi.org/10.1016/S0017-9310(98)00004-0
https://doi.org/10.1016/S0017-9310(98)00004-0
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref37
http://refhub.elsevier.com/S0360-1323(22)00772-7/sref37
https://www.standard.no/no/Nettbutikk/produktkatalogen/Produktpresentasjon/?ProductID=702386
https://www.standard.no/no/Nettbutikk/produktkatalogen/Produktpresentasjon/?ProductID=702386
https://doi.org/10.1016/J.ENBUILD.2013.08.062
http://shop.bsigroup.com/ProductDetail/?pid=000000000001094956
http://shop.bsigroup.com/ProductDetail/?pid=000000000001094956
https://doi.org/10.1002/9780470485682

	Heat recovery ventilation design limitations due to LHC for different ventilation strategies in ZEB
	1 Introduction
	2 Methodology
	2.1 Temperature efficiency of rotary heat exchanger
	2.2 Studied building and ventilation
	2.3 Validation of temperature efficiency and LHC effect

	3 Results and discussion
	3.1 Temperature efficiency of rotary heat exchanger in DCV
	3.2 Influence of efficiency loss due to the LHC effect on ventilation for various ventilation strategies
	3.3 Comparison between different ventilation strategies considering the LHC effect

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


