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ABSTRACT
Construction of "green buildings" become more and more demanded both for one-storey houses and for tower
buildings. Application of "green buildings" technologies significantly reduces the cost of heating and air
conditioning. Recent researches have shown that solar ejector refrigerating and air-conditioning systems (SERAS)
can be successfully applied both for air-conditioning and for simultaneous generation of lower temperature cold
CFD-modelling enabled to design flow part of ejector resulted in increase of entrainment ratio by 20-30%.
In tower buildings hydrostatic pressure can "pump" liquid refrigerant to vapor-generator, instead of mechanical
pumps, though minimal altitude for different refrigerants varies from 25 to 450 meters.
The minimal altitude can be significantly reduced with application of steam injector, which uses the disposed
hydrostatic pressure as a preliminary step or subcooler. This system allows to safely feed the liquid into the
generator with a small additional expense of the working vapor, approximately 3-8% of the working vapor total
consumption. Injector possesses all benefits of jet apparatus, works quietly and smoothly in stationary conditions.

1. INTRODUCTION
Housing and communal services each year increase power consumption, first of all, due to living standards
improvement, especially in developing countries. While the heating and hot water supply are remained more or less
stable, and sometimes, in the context of global warming, heating costs are even reducing, energy consumption on air
conditioning and cold supply for the past 5 years has almost doubled. This leads not only the necessity of additional
energy production, but also increases emission of greenhouse gases into the atmosphere, that has contributed to
global warming. Naturally, this model does not initially lead to catastrophic consequences. Though each year trends
are worsening, as evidenced by the power overloads in several countries in the hottest days. This leads to disasters at
national level. For example, in France on 11 August 2003, a threat of simultaneous stop of 58 nuclear reactors
appeared because of the unprecedented heat, that led to system overload, because conditioners worked around the
clock and throughout. The temperature of cooling water in the tanks reached the otherworldly magnitude of 50°C,
resulting in consumers blackouts, and this has led to heat strokes and deaths of about 1000 people. Subsequently, a
similar situation occurred in Chile, Brazil, Nigeria, Moscow and other regions. The way out at the same time is
found in preventive disconnection a number of enterprises and other non-critical users from the power.

2. HEAT SEALING AND SCREENING OF COLD ROOMS
These facts are pressing to reduce energy consumption on air conditioning by replacing traditional energy with solar
energy and other renewable energy sources, as well as minimization of heat leakages in cooling rooms and selection
of optimum conditioning scheme. As a result, compliance of complex arrangements can lead to significant savings.
It is generally accepted that at the start of air-conditioning system design, first of all caloric estimation of cooling
room should be done, and choose the best insulation. However, practice shows, in sunny and hot days the greatest
heat leakage is caused not by the convective component of heat but by solar radiation through the walls and roof,
and especially through the window openings. Therefore, following the principles of passive isolation gain the
International High Performance Buildings Conference at Purdue, July 12-15, 2010

3240, Page 2
particular importance, i.e. minimization of heat leakages and infiltration of outdoor air in both directions,
interception of heat for useful application or a reflection in the surrounding space (Chel and Tiwari, 2009, Makakaa,
Meyerb and McPherson, 2008). These arrangements can be set to optimize the insulation, sealing and
shielding. Qualitative solution of this problem leads to serious energy savings and help reduce CO2 emissions. To
ensure the best results solar collectors and gardening of outdoor surfaces are good, application of modern harmless
sealants. Gardening is also serves to partial absorption of CO2 and water vapor from the waste removed from the
rooms recirculating air, that is replaced by supplied outside air.
This problem is well solved in the so-called passive houses. Application of the passive houses technologies allows a
90% reduction in the heat leakages in the building. In such systems, almost no heat leakage from the outside and
thus air-conditioning system should remove the heat released only by the internal heat source, i.e. appliances and
people.

3. AIR-CONDITIONING IN DIFFERENT CLIMATIC ZONES
In hot climate countries consumption of artificial cold in the housing and communal sphere is growing fast and does
not depend on the season. In torrid zone, where there are two seasons, dry and moist, necessity in air-conditioning is
virtually the same over the year and during the day. In a continental climate conditions, where relative humidity is
between 12-20%, night time temperatures can drop to 3-7 °C, while the day time temperatures can reach 35-40 °C.
Therefore, the concepts of air-conditioning in these regions are fundamentally different.
In desert areas (Sahara Desert, The Karakum Desert, Kalahari Desert, etc.) it is reasonable in the winter period to
accumulate the natural cold of the environment during the night and consume it during the day. This leads to
significant energy saving in comparison with all means of artificial cold obtaining. During the summer, application
of evaporation cooling of air is sufficient at a given relative humidity and to a certain ambient temperature. In the
rest period artificial mechanical cooling must be applied in combination with the evaporation cooling and the use of
solar energy, i.e. solar thermotransformers, such as ejector refrigerating systems (ERS).
In humid tropical climates (Amazonia, Southeast Asia, equatorial Africa), air-conditioning that consists of
preliminary air drying by mean of solar energy, and further air cooling with the solar ejector refrigeration system
(SERS) is the most acceptable in comparison with existing systems of air-conditioning, where the moisture removal
is carried from the cooling surfaces.

Fig. 1. Diagram of cold coverage at various solar collectors surface area/refrigerated area rates

International High Performance Buildings Conference at Purdue, July 12-15, 2010

3240, Page 3
The power capacities of air-conditioning systems in both these cases are significantly differ (see Fig. 1), but both
systems require solar refrigeration system. It can be seen from the diagram (fig. 1) that depending on insolation in
the region and day temperature cold coverage can be done with the application of solar ejector refrigerating system.
Degree of cold coverage depends on relative solar collectors surface, i.e. ratio of solar collectors surface area to area
of cooled room Ssc / Sfa . It can be seen from the diagram that, for example, at environmental temperature of 30 °C
and insolation of 5 kWh/(m2day) it is possible to cover necessity in cold for 100% with the application of solar
ejector refrigerating system under condition that solar collectors surface is 50% of cooled room surface.
However, this diagram is constructed for buildings with an average heat leakages. Application of passive houses
technologies will significantly increase the degree of cold coverage in the ceteris paribus, and allow to use solar
ejector refrigerating system as the main air conditioning system in buildings of various types.

3.1 The scheme of two-stage solar air-conditioning for different climatic zones
In temperate climate, when parameters of air outside insignificantly differ from the parameters of air inside aircooling is performed without moisture fall. When temperature of cooling surface is lower than dew point moisture
fall is observed.
This, from one side, decrease heat-exchange surface of air-cooler, but, from the other side, leads to electric energy
overconsumption for production of lower temperature cold and overconsumption of cold for moisture condensation.
Especially a lot of moisture falls in tropical climate conditions, when outdoor air parameters significantly differ from
the indoor air parameters. In this case infiltration of hot and moist air from the outside is increased that demands
intensive moist removal. Application of two-stage air-conditioning can be the way out of this situation, that lies in
preliminary dehumidification of moist air before cooling at the expense of solar energy. Preliminary solar drying in
the tropics makes it possible to reduce the necessity in produced cold for nearly twice at equal conditions, that along
with the appropriate preparation of the building insulation minimizes operational costs for air-conditioning (Fig. 2)

Fig.2 Processes of two-stage cooling of moist air
Q1 – heat, removed in a cooler without preliminary cooling; Q2 – heat, removed in a cooler with preliminary
cooling; Q m – heat that is removed along with the moisture removal.
Moistening of the air in a dry hot climate leads to similar results, and for certain combinations of temperature and
relative humidity of outside air artificial refrigeration may not be necessary. (Ris3)

4. TRANSITION TO SOLAR COLD GENERATOR
Comparative analysis of cold sources, which can operate at the expense of solar heat and produce bithermal cold
(cold of two temperature levels), have shown that the most rational in this case is a two-stage or cascade twocomponent variant of ejector refrigeration system (ERS). Here, the priority factor is the lack of moving parts, size
and reliability of jet devices at high values of COP.

4.1 Identifying the basic characteristics of the ejector
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The main expenditure and energy characteristics of the ejector is the entrainment ratio, that is, in fact, the ratio of the
available work of expansion of a working vapor to the required work of compression of ejected and the working
vapor with all the energy losses that appear in the flow part of the ejector. Data obtained in a result of CFD
simulations is used at the designing of ejector flow part (Fig. 4, 5). The calculation of the maximum entrainment
ratio, that can be achieved on a working fluid was carried out in two stages. The first stage is the theoretical
estimation of the entrainment ratio by the method described in (Sokolov and Zinger, 1989, He, Li and Wang,
2009). As a result of this calculation, preliminary assessment of the entrainment ratio and its main geometric
characteristics, such as area ratio were obtained. Area ratio is the ratio of cross-section areas of ejectors major parts,
such as the ratio of cross-sectional areas of nozzle exit to the nozzle throat, the ratio of cross-sectional areas of a
mixing chamber to the nozzle throat.

Fig.3 Processes of two-stage cooling of dry air
Qm - heat, removed in the process of evaporative cooling; Q - heat, removed from dry air in the cooling process; m the amount of water supplied in the process of evaporative cooling.
However, the proposed method of calculation is imperfect, and results may significantly differ from the true values
of the entrainment ratios (He, Li and Wang, 2009). Therefore, the second stage of entrainment ratio estimation is the
CFD simulation of processes in an ejector for each of the selected working fluids. Theoretical results obtained in the
first stage are used as a first approximation to the next stage. Such approach significantly reduces the time required
to perform CFD simulations and significantly improve the accuracy of the obtained data.
Illustration of CFD models of the ejector flow part for air conditioning, working on isobutane, are shown on Figures
4 and 5.
The results of this calculation for all of the selected fluids are presented in Table 1.
In terms of energy efficiency COP is a more important characteristic than entrainment ratio.

Figure 4. Velocity profile in flow part of ejector of ERS first stage ( Tev =12°C, Tcon =35°C, Tgen =85°C) working
with R600a refrigerant, obtained at CFD modelling.
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COP of ejector heat-utilizing air-conditioner is determined by the equation:

COPej = ω ⋅ qev / qgen
where

(1)

ω - entrainment ratio, kg/kg; qev - specific cooling capacity, kJ/kg; q gen - specific heat load on the

generator, kJ/kg.

Figure 5. Velocity profile in flow part of ejector of ERS second stage ( Tev =-15°C, Tcon =35°C, Tgen =85°C)
working with R600a refrigerant, obtained at CFD modelling.
Table 1: Results of CFD modelling of ejectors flow part of two-stage solar ejector refrigerating system (ERS)
( Tev =12°C, Tcon =35°C, Tgen =85°C)

qev / qgen

ω

COP

R290/RE170

0.937

0.64

0.60

R600/RE170

0.743

0.66

0.49

R600

0.67

0.51

0.34

RE170

0.767

0.54

0.41

R13T1

0.765

0.44

0.34

R601b

0.615

0.5

0.31

RC318

0.545

0.42

0.23

Working fluid

To test the work of an ejector refrigeration system and verify the simulation results experimental setup was designed
and created. The experimental setup is shown in Figure 6.
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Fig. 6. Solar Ejector Refrigeration and Air-conditioning System (SERAS).
In this installation measurement of entrainment ratio by two independent methods is provided: thermal balance of
apparatus and volumetric flow meter. Deviations of pressure and flow rate measurements are between 1.5-2.5%, and
of temperature measurements is about 0.2 °C, which is acceptable for engineering experiments. At this stage the
experimental verification of obtained CFD simulation result is performed.

4.2 Pumpless ejector refrigeration system (PERS)
Because the report focuses on tower buildings, it is interesting to solve problem of liquid refrigerant supply to steam
generator. All heat-utilizing refrigerating systems have a pump as indispensable element for the implementation of
the direct cycle, which uses mechanical work or heat. For large altitudes, when the hydrostatic pressure exceeds the
difference of pressures in the generator and condenser, spontaneous flow of liquid from the condenser to the
generator is possible, which further simplifies the installation scheme. (Fig.7)
We refused from application of mechanical pumps for liquid refrigerant supplying from the condenser to the steam
generator, pumpless systems of batch operation, and, in some cases from thermopumps. For example, in tower
buildings liquid refrigerant can be supplied to steam generator at the expense of hydrostatic pressure, at that a
minimum altitude for different substances varies between 25 - 450 m. Such difference of altitude is conditioned by
the difference of pressures between generator, Pgen , and condenser, Pcon , and density of liquid refrigerant, ρ liq

ΔH req =

Pgen − Pcon

ρliq ⋅ g

(2)

A number of fluids, that works well in cooling cycles, but requires high altitudes, can be successfully applied at
much lower altitudes, if steam injector will be included into the scheme, which uses the disposed hydrostatic
pressure as a preliminary step or subcooler. This system allows to safely feed the liquid into the generator with a
small additional expense of the working vapor, approximately 3-8% of the working vapor total
consumption. Injector possesses all benefits of jet apparatus, works quietly and smoothly in stationary conditions.
Individual levels of generator and condenser placement should be adjusted, that limits application of some
refrigerants in PERS systems because high vertical level difference is required for their circulation. Refrigerants
cyclopropane (S3H6) and Methylacetylene (CH3CCH) may be used only for buildings with height of 300 meters
(see Table. 2). Refrigerant R290 can be used in buildings of 475 meters height. The application of injectors allows to
increase fluid pressure in the inlet line of steam generator (output line of condenser), that reduces the necessary level
difference by 25-65% (see Table. 2).
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Fig. 7. Principal chart of PERS.
Table 2: Results of injector calculation with application of multi-stage scheme
ΔH tot
100%
ΔH req

Fluids

ΔH req

Δ H1

ΔH 2

ΔH 3

ΔH 4

ΔH 5

ΔH 6

ΔH 7

Cyclopropane

311.3

24.48

27.85

29.90

30.76

–

–

–

113.0

36.3

RE170

266.8

20.00

25.89

31.26

33.50

30.61

22.32

–

163.6

61.3

R600a

193.9

20.08

27.33

32.02

31.08

–

–

–

110.5

57.0

R290

475.1

26.81

33.91

41.15

48.97

51.59

49.08

38.44

289.9

61.1

Propyne

294.4

18.40

22.32

26.19

28.88

9.85

13.40

16.12

14.99

21.46
–

58.9

95.70

26.96
–

173.5

R124

29.33
–

54.36

56.8

R134a

178.1

12.81

16.14

20.82

23.49

23.02

17.8

–

114.1

64.1

R152a

210.8

15.08

19.00

23.35

26.15

25.55

20.85

–

130.0

61.7

ΔH tot

–
19.39 16.71
–
74.63
67.5
–
–
–
–
17.61
R13T1
68.98
6.63
6.80
4.18
25.5
The most promising refrigerant of considered for application in PERS type systems is refrigerant R13T1. For the
circulation of the refrigerant along the contour of PERS a small vertical level difference is required (from 69 m) and
R227ea

110.6

9.20

12.65

16.68
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with the use of injectors this level difference may be reduced by more 17.6 m. Thus, the refrigerant R13T1 can be
successfully applied in buildings of 15 storeys and above.

5. ECONOMIC ASPECTS
Calculation of economic indexes was performed for PERS in comparison with traditional system of heating,
individual air-conditioning units and household refrigerators. Capital expenditures for traditional system are
n

K1 = ∑ Ci

(3).

i =1

It consists of costs of air-conditioners, household refrigerators and heating system. Capital expenditures for
similar PERS system depends on cost of collectors per square meter of surface and defined as
(4)
K 2 = S sc C sc sm + Ceq
where S sc – surface area of collectors required for PERS, m2; Csc sm – a cost of square meter of collector, $/m2;

Ceq – a cost of other PERS equipment.
It is assumed that average efficiency of evacuated tube collectors varies from 0.5 to 0.8. Average cost of
collector’s square meter varies from $400 to $1000 (Purohit, Kumar and Kandpal, 2006).
Electricity and heat prices are considered as sole variable costs. For a standard system expenditures on electricity
are
(5)
N1 = W1 ⋅ 24 ⋅ 365 ⋅ C pr
where W1 – consumed power, kWh; CPR – a power rate. Power rate varies from $0.04 to $0.29 per kW·h [11],
[12].
Heating and hot water costs for traditional system are calculated as
(6)
H1 = Vhw ⋅ Chw ⋅ I
where Vhw – hot water consumption per one person, m3; I – a number of persons using the system; Chw – a price
of hot water.
Cold water costs for PERS are defined by:
(7)
H 2 = Vcw ⋅ Ccw ⋅ I
where Vcw – cold water consumption, m3; I – a number of persons using the system; Ccw – cold water cost.
Amortization costs A are inversely proportional to operation life time.
For traditional system reduced expenditures are:

E1 = K1 ⋅ Am + C1

(8)

C1 = N1 + H1

(8)

E2 = K 2 ⋅ A + C2

(8)

C2 = H 2

(9)

where
For PERS reduced expenditures are:
where
Annual income

as a result of PERS installation is:

A1 = E1 − E2

(10)

ACE = K 2 − K1

(11)

Additional capital expenditures are:
Payback of investments for PERS is defined by:

PyP =

K 2 − K1
A1
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Payback period vs. power rate of PERS application in different regions are shown on Figure 5.

Fig. 8. Diagram of payback period vs. power rate.

6. CONCLUSIONS
As the Figure 5 shows, at different values of power rate in various regions of the world, PERS payback period
ranges from 3 to 10 years. In countries of hydrocarbons-in-place and cheap power rates, the payback period for
PERS will be over 10 years. In Europe, where average power rate is about $0.18, PERS payback period is about 3
years.
United Nations Climate Change Conference (COP15) in Copenhagen held in December, 2009 has concluded that
energy prices upward trends and advanced control for CO2 emissions, shall lead to expansion of renewable sources
utilization in the near future. This message primarily concerned territories with maximal access to renewable energy
sources. Therefore, in the next 10 years, necessity in such facilities as PERS, will increase in the Middle East
countries as well as in the other parts of the world.

NOMENCLATURE
S
Q
q
T

ω

COP

P
ρ
g
ΔH
K
C
W
N
V
E
Am
A
ACE

surface
total heat load

(m2)
(kW)

specific heat load

(kW)

fa

cooled room

temperature
entrainment ratio
coefficient of performance
pressure
density
acceleration due to gravity

(K)
(kg/kg)
(-)
(kPa)
(kg/m3)
(m/s2)

m

moisture mass
evaporator
condenser
generator
required
total

level difference
capital expenditures

(m)
($)

cost

($)

power
expenditures
water consumption
reduced expenditures
amortization cost
annual income
additional capital expenditures

(kWh)
($)
(m3)
($)
($)
($)
($)

Subscripts
solar collector
sc

ev
con
gen
req
tot
sm
eq
pr
hw
cw

square meter
equipment
power rate
hot water
cold water
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Py

payback of investments

()
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