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Abstract

Two systems, one with air re-circulation alone and the
other a combination of air re-circulation and energy
recovery using plate heat exchangers have been ana-
lysed. For these systems, a set of equations was derived
for partial or full re-circulation of air with and without
plate heat exchangers. Also, as part of the analysis, the
reciprocal ratio of investment and running costs was
considered. In this analysis, the re-circulation factor pro-
vided by ventilation units, a bypass factor and the effi-
ciency of a plate heat exchanger were considered to be
variables. For the sake of simplicity, the outdoor temper-
ature was assumed to change uniformly throughout the
year from a winter time minimum to a summer time
maximum. All the final mathematical expressions de-
rived are non-dimensional. The technical and economic
estimations proposed were those which gave the most
pessimistic outcome, that is, those for which the out-
come gave the lowest guaranteed common profit. The
numerical calculations showed that quite different re-
sults were obtained depending on specific applications.
Several economic indexes were estimated including

payback times and capital and running costs for typical
examples. The expected payback time for a system with
plate heat exchanger is something like 2.0 years for an
installation in the climate zone of Saint Petersburg,

installed and run in accordance with Russian legislation.
Copyright@ 2000 S. Karger AG, Basef

Introduction

The energy consumption of a ventilation system de-
pends essentially on climatic factors in the area where it is
installed. So, according to the Air Infiltration and Ventila-
tion Centre in Coventry (UK) [1], the annual energy con-
sumption per unit of fresh air mass at two sites in the US
is estimated to be, on average, 22.1 MJh-kg-! for Los
Angeles (Calif)) and 102.5 MJh-kg-' for Omaha (Nebr.).
In Europe, similarly derived figures range from 45.6
MJh-kg=! up to 102.5 MJh-kg-'. No Russian references
are available. However, for similar geographical condi-
tions specific energy consumption could be assumed to be
commensurable with the above figures. =

In Russia, as in Europe, the main usage of energy is for
the heating of fresh air, while in the US, energy is used not
only for heating, but a large part is used for cooling air
using air conditioning units. Some areas of Russia suffer
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extreme climatic conditions. The costs of energy for heat-
ing in these parts are, therefore, quite substantial. To give
an example: on average, the annual consumption of ener-
gy in work places in the North Eastern part of Russia,
where outdoor temperatures have been measured as low
as -59.3°C with strong winds adding a wind-chill factor
(Verkhoyansk), is about 10,000 kWh-m-2 (8.5 Gcal-m-2).
According to the Russian Integrated Costing Norms for
the building trade, about 15-20% of investment costs and
about 30% of running costs are accounted for by heat-
ing, ventilation and air conditioning. Conventional tech-
niques for energy saving are widely applied and involve
the reduction of heat losses through external walls and
roofs, and a decrease in air exfiltration by sealing win-
dows, doors, gates and ceilings. At the same time, there
are specialised engineering solutions used involving the
organisation and technical arrangement of the ventilation
and air conditioning systems to ensure an appreciable
decrease of energy consumption. These solutions are ap-
plied according to the following provisions: (1) optimisa-
tion of air distribution inside the ventilated premises;
(2) partial or full re-circulation of air; (3) recovery using
heat exchangers; (4) regeneration of latent heat from the
condensation of excess moisture; (5) use of heat pumps.

According to estimations that have been made [2],
these measures could reduce annual energy consumption
on average by up to 2,000 kWh-m=2 (1.7 Gcal-m-2). To
make such estimations, we need to analyse those elements
in a system that affect the efficiency of re-circulation and
recovery and which are most important for energy saving
[3]. While it is known that heat pumps are also effective
for energy saving [4], it has to be remembered that heat
pump installation requires much greater investment
costs. As a consequence, heat pumps are not widely used
in Russia.

NMethods

The following analysis of two cases illustrates the ventilation
alternatives that are considered in this paper: (1) partial or full re-
circulation of air while assuming that distribution of the air is perfect;
(2) the same situation, but with heat recovery using plate heat ex-
changers.

The second case involves the latent heat regeneration that takes
place as a result of water vapour condensation at the relatively cold
surfaces of the plate heat exchanger. This phenomenon has an impact
upon the efficiency factor of recovery, and consequently a distinction
is made between ‘dry’ and ‘wet’ recovery efficiency.

The following analysis is overall a general one. However, particu-
lar calculations were done for high-level ventilation units of the types
described as decentralised heating vortex (DHV; the 1st case) and
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layered heating weatherproof (LHW; the 2nd case), both of which are
manufactured by Hovalwerk AG (Heating Ospelt Vaduz Liechten-
stein; Schaan, Liechtenstein). These ventilation systems are consid-
ered the best in the world, implementing the most recent engineering
designs concerned with energy saving.

Analysis
It is well known that a venture is economically attractive if the
gross profit (E) exceeds the capital investments (/):

E>I

To better analyse this situation, knowledge of the ratio of invest-
ment and running costs isimportant. The initial investment costs are
calculated on the basis of the equipment prices and the labour
required for transportation, installation and commissioning. The
running costs are concerned with the modes of operation, the quanti-
ty and costs of consumables required, energy consumption and the
labour needed for maintenance, technical services and repairs.

Consider the detailed structure of the economic equation above.
The gross profit is a sum of the following items:

E=EW+EE+EZ

where E is the annual saving of energy costs, Ep is the annual saving
of running, servicing and maintenance costs, and E7 is the discount
rate due to State privileges, amortisation deductions etc.

Limiting the analysis to the annual saving of energy costs, consid-
er the schematics of two ventilation systems (fig. 1, 2) representing
the two cases proposed above.

Using the following notation for the various parameters:

L = the total air flow into a room, m3-h-!;

Q = the total consumption of heat, Geal-h-! (kW);

L, = air flow produced by units of the type DHV, m3.h-1;

L, = air flow produced by units of either the type DHV with added
fresh air (case 1) or type LHW (case 2), m3-h-1;

Q, = heat productivity of units of the type DHV, Gcal-h-! (kW);

0 = heat productivity of units of either the type DHV with added
fresh air (case 1) or type LHW (case 2), Geal-h-! (kW);

n; = number of units of the type DHV;

n, = number of units of either the type DHV with added fresh air
(case 1) or type LHW (case 2);

¢ = efficiency of a plate heat exchanger;

¥ = bypass factor of a plate heat exchanger.

From this, the following relationships may be written:

L= I’IILI + I12L2

Q=nmQ +mQ,

Factors may be defined as ratios of the parameters of the chosen
units, such that:

L,
K =—
L L
Kp=4
Q2

Another factor may be defined which is the ratio of the number of
each unit:
_h

K,=—
Mo
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Fig. 1. Case | (DHYV units with air re-circulation and fresh air sup-
ply). ;

The air flow delivered to premises equipped with_either the units
DHYV or DHV and LHW, according to the schematics (fig. 1, 2) will
be:

}’llL[:L 1{”
K, +K;,

n2L2=L KL
K, +K_

The amount of heat, acting through water-heating coils,

K,
n(? =§?
11 T+ 0
K,
n() :()—
UK K,

If the following parameters are designated:

Qo = heat losses through building enclosure components (walls, win-
dows, roof, etc.), Geal-h-! (kW);

To = indoor air temperature, K; -

T = temperature of air supplied by units of the type DHV, K

T, = temperature of air supplied by units of the type DHV with fresh
air (LHW), K;

T, =outdoor air temperature, K;
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Fig. 2. Case 2 (combined LHW and DHYV units with air re-circula-
tion and fresh air supply).

o. = re-circulation factor, provided by units of the type DHV with
fresh air (LHW);,
¢, = specific heat capacity of air at constant pressure, kcal-kg-!, K;
p= air density, kg-m-3;

Then the equations of thermal balance for the first case may be
written down as follows:

0, =103, p L\ (Ty - Tp)
0, =10"3¢c, p Ly [(1 - &)(T; = Tp + a(T> - To))
O=mQ1+m0r=0o+c,p(l—a)ny Ly (To~T,)

From here, the specific superfluous quantity of heat spent in this
case may be written down as follows:

- K
g=2=%__ K _ga-9
¢ pLTy K,+K;
where fis a temperature factor defined as:
0= E
To

In the second case, in addition, it isnecessary to take into account
the energy saving, provided by recovery of heat using a plate heat
exchanger of a type ‘air-air’. Units of a type LHW use exchangers
with a dry efficiency not less than 60-65% and a wet efficiency up to
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85%. In this case 2, apart from intake air flow, exhaust air flow is
provided as well. The relation between intake and exhaust flows is
the amount which is under control of the air-regulating dampers pro-
vided inside units of the type LHW. If ¥ = 0, then the unit operates in
a re-circulation mode similar to a DHV.If0 < y< 1, then partial air
re-circulation occurs. If ¥ = 1, then the whole air flow supplied by
means of the LHW unit is withdrawn to atmosphere (ventilation
mode). Under these conditions, heat recovery takes place.

Hence, a heat balance equation may be written for case 2 as fol-
lows:

Q,=103¢,pL, (T) - Top)
O =10"3¢cypLa[(1 —a+ ay)(Ta-T) +a(l - y) (T2 - To)l

g= a/}’(TO_Ta)
(I-a-ay)(T.-T)

Q=nQ+n02=0Qp+c,p[l —a(l -y)ng Ly (To~ Ta)

The specific superfluous quantity of heat spent in case 2 could be
written down as follows:

Il N
epLTy K, +K.

Let us consider the ventilation without re-circulation and without
recovery (K, =0, ¥ = 0, a = 0) as a reference case. In this case, the
dimensionless factorg =1 ~ 6.

Let us denote the temperature factor corresponding to the mini-
mum outdoor temperature as 6~ and the temperature factor corre-
sponding to the maximum outdoor temperature as 6*.

Assume that a re-circulation factor o changes regularly over the
period from I in a cold winter season to O in a hot summer season.
Then:

[1-a(l-pI(1-6)

6+-06

T ot -6

Assume that the relation between intake and exhaust flows ¥ is regu-
lated similarly from 0 in a cold winter season to 1 in a hot summer
season. Then:

e 6-6-
6t - 6-

In principle, these assumptions are in accord with the energy-saving
possibilities which are provided for in the design of the units dis-
cussed above. However, the regulation provided through the use of
in-built microprocessors and under the control of the central system
DigiNet (Siemens, Landis & Staefa Division in co-operation with
Hovalwerk AG) is actually non-proportional, and has more complex
features, which provide a much greater efficiency when applied to
energy-saving technologies. Thus, by virtue of the assumptions men-
tioned above, it is prudent to consider that the technical and econom-
ic estimations are the most pessimistic, i.e. those for which the out-
come gives the lowest guaranteed common profit.

Assuming, as above, that throughout the year the outdoor temper-
ature changes regularly from minimum to maximum values, we
could estimate an annual superfluous quantity of heat by the follow-
ing integral. — =

= o
Ey= HJ- q.dé
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After necessary substitutions, we have for each case:

reference case

0(’
Ey= J (1-6)do
Bw

case 1
— g‘ +_
By = 2L j(l_e 9)(1-9)de
Ky +Kp 6+~ 6-
case?2
6+ )
Ep=— L j[1-<—9‘9) ](1_9)49
K,,+KL A

o
This, after integration, gives for each case:

reference case

p— -_— +_ -
E,V:(9+_9-)2_u
2
case 1
By = K (9+_9_)3—29 -6-
nt &L 6
case 2
= K 8-56+-36-
Ey=—"LL (p*-¢)—__—~-"_
nt KL 2

Relative to the reference case we have

case |
= _ K 3—26*—9-1
"TK,+K, 2-6"-6 3

» _ Kk 8-56"-36-1

“Ko+KL 2-6-6 6

Results

Below is a worked example of the calculations for sys-
tems in the St. Petersburg region. The ratio of the number
of units of type DHV and DHYV with fresh air or of type
LHW is assumed to be:

K,=9_ 0383
12

The ratio of the production of air by the units is:
K = 8,700 -1.09 = -
8,000
The minimum outdoor temperature for St. Petersburg
is —26°C, and the maximum outdoor temperature is
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+24.8°C. According to Russian health legislation, the
design indoor temperature for the winter season is +17°C
and for the summer season is + 18 °C. Therefore, the tem-
perature factors for summer and winter, respectively, are

_273 +24.8 _ 1.023 and 6- = 273-26
273 +18 273+ 17

It follows that £y = 0.118 (for case 1) and Ey = 0.19 (for
case 2). Thus, the annual profit for a system set up accord-
ingto a case 1 design will be at least 11.8% and for a case 2
it will be 19%. Using an annual energy consumption of
10,000kWh-m~-2 for the reference case and an energy cost
of 100 RUR per Gcalorie for St. Petersburg, we may cal-
culate the annual saving of running costs to be 10,000 X
1,000 x 0.85 x 10-3 x 100 x 0.118 = 100,300 RUR per
year with a'case 1 system for a building with a floor area of
1,000 m2. This is equal to 4,360 USD per year. The esti-
mated cost of equipment is about 10,000 USD. Thus, the
payback time is 2.39 years. Compare this to the saving of
running costs in a case 2 system which is 10,000 x 1,000
x 0.85 x 10-3 x 100 x 0.19 = 161,500 RUR per year.
Thisisequalto 7,020 USD peryear. The estimated cost of

+

=0.852
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