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The greenhouse is a tool for the accumulation of solar energy and its conversion into heat. The article investigates the heating of the
greenhouse caused by the difference in the transmissivity of glass in different wavelength ranges. Firstly, some facts from the history
of the phenomenon investigation are presented. The principle of greenhouse operation is considered. Then we explain the greenhouse
effect theoretically using a simplified model, and carry out an experiment. In our experiment, the heating of a 1 m? surface
greenhouse model has been observed. The temperature changes have been registered, and the ultimate temperature has been
measured. Further, a model of an ideal greenhouse is proposed in order to reduce heat losses. The main principles and generalizations
of the greenhouse effect are discussed. The role of the glass transmission spectrum, which is one of the most important factors
determining the maximum temperature is investigated. Maximum temperatures for different spectra are compared. We calculate
theoretically the maximum temperature, which can be achieved in an ideal greenhouse under ideal conditions. Then we consider
other factors limiting temperature growth. Finally, the ways of application of the greenhouse effect in the development of solar
collectors are indicated.
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MAKCHUMAJIBHA TEMIIEPATYPA B ITEAJIbHOMY ITAPHUKY
O. IBamiTenko
Xapkiscokuti Hayionanvuuti ynisepcumem im. B. H. Kapasina, Xapxkie, Ykpaina
nn. Ceoboou 4, m. Xapkis, Yrpaina, 61022

[MapHuk - 11e npucTpiit I aKyMyJsiLii COHsYHOT eHeprii i ii mepeTBOpeHHs B Teu1o. Y CTaTTi JOCHIIKY€EThCsl HArpiBaHHs MapHHKA,
00yMOBIICHE PI3HHLICIO TIPOHUKHOI 37]aTHOCTI CKJIa B PI3HUX Jiana3oHaX AOBXWH XBWIb. [IpencTaBieHi ¢akTu 3 icTopil BUBUCHHS
sBUILIA. PO3IIISTHYTO NPUHIMIT pOOOTH HMapHUKA. 3a JOMOMOIOI0 CIIPOLICHOI MOJIENi MapHUKOBHH e(eKT IOCIHiIKEHO TEOPETHYHO, a
TaKoXX MPEJCTABJICHI Pe3ylbTaTH EKCIICPHUMEHTY. EKCIepHMEeHTaIbHO MpPOCTEXXKEHO HarpiBaHHA MOJENi NMapHHWKa IUTomero 1 M2
3apeecTpoBaHO 3MiHY TeMIepaTypd 3 4acoM i OTPUMAaHO 3HA4YeHHSA TIpaHMyHOl Temmeparypu. Jlami 3ampornoHOBaHO MOJENb
iIeaIbHOTO TIApHHKA JUIS 3MEHIIEHHS TeIIoBTpaT. OOroBOPIOIOTHCS TOJIOBHI IPHHIMIN Ta y3arajJbHEHHS NMapHUKOBOTO €(EeKTy.
Jlocniky€eTbcs poib CIEKTpa MPOMYCKAaHHS CKJIa, SIKMH € OJHMM 3 HaWBaXJIMBIMIMX (AKTOPIB, 0 BU3HAYAIOTh MaKCHMAalbHY
TeMmneparypy. I[lOpIBHIOIOTBCS TpaHWYHI TeMHepaTypu Uil KUIBKOX CIeKTpiB. TeopeTMdHO po3paxoBaHO MAKCHMAIBHY
TEeMIIeparTypy, SKOi MOXKHA JOCSITH B iJieallbHOMY HMAapHHKY 3a ifealbHUX yMOB. Po3risiHyTo dakTopH, 110 0OMEXYIOTh 3pOCTaHHS
TeMreparypy. BkazaHo NUIIXH 3aCTOCYBaHHs APHUKOBOTO e(EeKTy IPH PO3POOII COHIIHHUX KOJIEKTOPIB.
KJIFOYOBI CJIOBA: mapHuKoBUi e(eKT, HarpiBaHHS BHIIPOMIHIOBAaHHSM, iJeani3oBaHa MOJENIb, MaKCUMaJbHA TEMIIEPaTypa,
COHSIUHUIN KOJIEKTOP
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ni. Ce0600wi 4, 2. Xapvros, Vkpauna, 61022

ITapHMK - 3TO YCTPOMCTBO IJIsl AKKyMYJIALIMK COJHEYHOM 3HEPIUU M €€ IpeBpalleHus B TeIlo. B craTbe nccienyercss HarpeBaHue
MapHUKa, OOYCIOBIEHHOE Pa3MYMEM IPOIYCKAIOIIEH CIIOCOOHOCTH CTEKIa B pa3sHBIX AWANa30HaX JUIMH BONH. IIpemcTtaBieHsl
(GaKTel W3 HCTOPHM WCCIIENOBAaHMS SBIEHUS. PaccMoTpeH mpuHIOUN paboTel mapHWKa. C HOMONIBIO YNPOIIEHHOH MOJIEIH
MIApHUKOBBIH S(QEKT HCCIENOBAaH TEOPETHUYECKH, a TAKXKe IIPEJCTaBICHBI PE3yNbTaThl IKCIIEPUMEHTa. OKCIIEPUMEHTAIBHO
HCCIIEA0BAHO HarpeBaHNWE MOJIENH ITapHHKa IUIomaasio 1 M2, 3aperucTpupoBaHo H3MEHEHHE TeMIIEPaTyPhl CO BPEMEHEM U ITOIyIeHO
3HAUCHUE MpeAeNbHOH Temmeparypbl. Jlamee IpeiokeHa MOJIENb HICAUIBHOTO MapHUKA JUIi YMEHBIICHUS TEIUIONOTEpb.
OO6cyxmaroTcsi TIIaBHbIE HPUHIMIBI ¥ 0000meHus napHuUKoBoro 3¢dekra. Mccnemyercs poib CHEKTpa NPOIyCKaHHs CTEKJIa,
KOTOPBIA SIBISICTCS. OMHUM M3 CaMbIX BaXHBIX (DAKTOPOB, OMPEACISAIONIMX MaKCHUMAlbHYI Temrepatypy. CpaBHHBAIOTCS
Mpe/ieNIbHbIE TEMIIEPATYPhl MPH Pa3lIUUHBIX CHEKTpaXx. TeopeTHYecKH paccyMTaHa MAaKCHMAallbHas TEMIeEpaTrypa, KOTOPOH MOXKHO
JOCTHYb B UJI€ATBHOM MAPHUKE IIPU UACATBHBIX yCIOBUAX. PaccMOTpeHBI (haKTOPBI, OTPaHUIHBAIOLINE POCT TEMIIEPATYPHI. Y Ka3aHbI
ITyTH IPAMEHEHUS TAPHUKOBOTO P eKTa IpH pa3paboTKe COMHEYHBIX KOJUIEKTOPOB.

KJIOYEBBIE CJIOBA: mnapaukoBbiii 3Qdekr, HarpeBaHune W3INyYCHHEM, HICATH3UPOBAHHAS MOJCIb, MaKCHUMaJbHas
TeMIeparypa, COMHEYHbIH KOIIEKTOP

Greenhouses are used to promote the growth of plants and to increase temperature using only solar energy. The
same principle is extensively used to heat air and water. It also has prominent implications in the field of climate.

The study and explanation of the greenhouse effect phenomenon began in the 18" century. Natural philosophers
tried to understand the increase of the Earth’s temperature and established the analogy between the heat-conserving
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capacity of the greenhouse and that of the atmosphere. Joseph Fourier (1786-1830) studied the distinction between the
light heat (chaleur lumineuse) received on the Earth from the sun and the dark heat (chaleur obscure) reflected back into
the atmosphere. He also pointed at the lesser facility with which dark heat passes through the atmosphere, thus bringing
about higher temperatures than would otherwise have been the case. In describing this phenomenon, Fourier drew on
experiments conducted by Horace-Benedict de Saussure (1740-1799). De Saussure had constructed an instrument he
called a "solar captor" that consisted of a box with an interior covered with black cork, into which equidistant layers of
glass were inserted. He used his instrument in experiments around Mont Blanc to show that the temperature under the
glass was much higher than outside, and that it remained the same irrespective of the altitude [1] [3].

The incident solar radiation passes through the glass. The surface absorbs visible light and re-emits it in the
longwave infrared. Glass is a bad transmitter of the longwave infrared radiation, which is why it can not pass back
easily. It stays inside the greenhouse, causing the temperature to rise (Fig. 1(left)). Indeed, in the schematic we see that
the solar radiation spectrum is almost entirely in the glass’ transmission range, so most of this radiation penetrates freely
into the greenhouse. But the thermal radiation from the surface lies predominantly outside of the range of transmission,
so the radiation can not go out (Fig. 1(right)). The transmittance coefficient of glass k depends on the wavelength A and
is determined as the ratio of the transmitted radiation to the incoming radiation.

Robert Williams Wood (1868-1955) doubted that this effect played the key role in the elevation of temperature.
From his point of view, it appeared much more probable that the part played by the glass was the prevention of the
escape of the warm air heated by the ground within the enclosure [2]. We agree that the prevention of air convection
plays a key role in greenhouse heating at low temperatures. However, in this article we will focus on the study of the
temperature increase caused by the difference in glass transmittance. We will show that this effect is also important,
especially at high temperatures.

In general, the purpose of this work is to study the impact of the mentioned effect on heating of the greenhouse.
We try to find the maximal possible in principle temperature and to understand what is the reason for stopping of its
growth. Indeed, it is possible to eliminate the air convection and to reduce considerably the heat transfer by thermal
conductivity. So, other ways of heat losses become decisive. Imaging consequent optimizations, we will predict the
maximum temperature for different levels of idealization reaching finally the limit caused by the Second Law of
Thermodynamics. This work is rather an overview of concerned general principle that has many interesting and very
complicated details.
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Fig.1. A schematic that shows how a greenhouse operates (a). Sunlight (dashed arrows) penetrates into the greenhouse, then the
bottom absorbs it and reemits it in the form of infrared light (solid arrows). As the glass is opaque to this radiation, it cannot leave the
greenhouse. The emission spectrum of the Sun and of the greenhouse (b). The transmittance spectrum of window glass k(1) is shown
with a black line [4]. We see that the ordinary window glass is mostly transparent to the Sun’s rays, but opaque to the greenhouse
bottom’s low-temperature radiation. This is what causes the greenhouse effect.
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METHODS
Despite the fact that the glass delays radiation and prevents the escape of the heated air, there are heat losses
caused by emission of the heated surface and heat conductivity of the glass and the walls. Considering these losses, we
can write the heat balance equation for the greenhouse as follows:

PO=Pem+Pcond: (1)

where P is the energy coming from the Sun, P,,, is the energy emitted by the greenhouse’s absorbing layer, and P,y,4
is the energy loss due to heat conduction. Consider separately each component of this equation.

To find the radiation power received by the greenhouse’ absorbing layer, we should take into consideration the
spectral intensity of solar radiation on the ground level (Fig. 2) and calculate the total power received by the greenhouse
according to the value of the glass transmission coefficient k(4). Our model treats the window as a selective mirror, so
that it reflects the untransmitted radiation. Thereby we obtain the following equation

Pezf(l—A)~I®()L)~k(/1)d/1, Q)

where A is albedo of the surface, I is the solar radiation intensity at the Earth’s surface, and k is the transmittance of
the glass.

Now let us consider the heated greenhouse absorbing layer’s radiation. A part of it passes through the walls, the
floor and the glass, and so leaves the greenhouse. To reduce losses, it is necessary to cover the walls and the floor with a
foil. Some types of foil are capable of reflecting 99% of infrared radiation, so that the walls and the floor become
insulated. The emitted power transmitted through the glass is

P = f I () - k(A)dA. 3)

Here, k is the transmittance of the glass and I, is the intensity of radiation, I,(1) = f - (1 — A,), where f is the
black body spectral emissivity. According to the Planck’s law,

2mhc?
fAT) = ——F (7
A5 (ekT2 — 1)
Losses caused by thermal conductivity (glass, walls, floor) are estimated in the following equation
SAT
Peong = —2 I 4)

where @ is the thermal conductivity coefficient, S is the surface area, AT is the temperature difference, and [ is the
material’s depth.
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Fig. 2. A schematic showing the intensity of solar radiation at the Earth’s surface [6] (solid line).
The blackbody radiation spectrum (T=5700 K) is shown with a dashed line. Here we note that the impact of the atmosphere on this
intensity is very significant, especially at small wavelengths.
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EXPERIMENT
Let us observe the functioning of the greenhouse. We construct the experimental model taking into account the
above-mentioned equations and carrying out optimizations according to them (Fig. 3). We also pay respect to our
limited capabilities. During our experiment, the air temperature in the shade was approximately 5 °C, and the sky was
cloudless. The greenhouse bottom was oriented perpendicularly to the sun rays.

black paper

foil styrofoam

Fig. 3. Our experimental model (left). It is a rectangular box coated with styrofoam.
The interior walls of the box are covered with aluminum foil and black paper. In our experiment, we use conventional window glass.
Our greenhouse (right) constructed according to the schematic. The area of the bottom is just about 1 m? The wall thickness is 5 cm,
the glass thickness is 4 mm.

RESULTS
During the operation of our experimental model, the majority of heat losses were caused by the styrofoam’s and
glass’ heat conduction. The temperature in the greenhouse becomes constant due to the balance between the energy
coming in from the Sun and the energy transferred to the environment. Gradually saturating (Fig. 4), the temperature in
our experiment rose above 100 degrees. The maximum temperature we achieved was 111 °C.
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Fig. 4. Plot of greenhouse temperature versus time. The temperature increases and finally reaches saturation. The maximum
temperature achieved in the experiment was 111 °C.

Let us verify the suitability of the proposed balance equations for description of the experiment. The bandwidth of
the used glass in the visible range is about 87%, the surface albedo is about 0.05. The intensity of solar radiation at the
Earth’s surface is approximately 1.000 W/m?, but is subjected to large temporal and spatial variations, depending on the
weather conditions, the latitude, the altitude, the atmospheric pollution etc. We experimentally found temperature
differences: 3 °C near the glass, 95 °C near the bottom, and 65 °C near the sidewalls. We also know that the thermal
conductivity of styrofoam is 0.04 W/(m-K), that the thermal conductivity of the glass is 0.7 W/(m'K), the thickness of
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the styrofoam layer is 5 cm, and that the thickness of the glass is 4 mm. We plug the available data into the calculation
formulas and get the following result. Pg = 830 J/s, Py, + Peong = 5 J/s +705 J/s = 710 J/s (Eq. 1). The discrepancy is
about fifteen percent. However, this result confirms the applicability of such simplified theory.

DISCUSSION
Theoretical generalizations

In most ordinary garden greenhouses, the temperature increases mainly due to the glass or polyethylene film
preventing air convection. Our experimental model also provides styrofoam insulation, which reduces losses caused by
the thermal conductivity. However, the heating that results from this is relatively small. After the verification of the
proposed principle, we use it to predict the outcome in other conditions. Our task is to reach the maximum temperature.
Let us upgrade the model to minimize heat losses.

Separating the absorbing layer of the greenhouse from the shell, it is possible to eliminate direct heat transfer to
the walls and to the bottom. To avoid the transmission of heat through the air inside the greenhouse, let us evacuate it.
Now, the thermal conductivity losses are negligible. Only losses caused by the greenhouse’s radiation-absorbing layer
remain, and we cannot completely eliminate them because of the glass’ transmission properties. We imagine these
optimizations and present a model of an ideal greenhouse (Fig. 5).

glass

/

/

vacuu

carbon black metal

Fig. 5. A model of an ideal greenhouse.
It is a plate coated with carbon black, isolated from the environment, in which light penetrates through the glass. In this case, we are
maximizing the temperature of the plate itself.

Of course, ideally, the greenhouse could be placed in orbit, where the intensity of solar radiation is not influenced
by the atmosphere, and where heat losses via air convection and heat conductivity vanish. However, let us confine
ourselves to Earthly conditions. Now we rewrite the initial equation of heat balance for the ideal greenhouse.

f(1 CA) Iy (D) - k() dA = f]e ) - k(A) dA. 5)

After reaching certain conditions, the temperature in this greenhouse will also become constant. The reason for the
establishment of the balance is Wien’s displacement. Initially the greenhouse’s absorbing layer emits in the infrared
range, in which the glass does not transmit. However, as the temperature rises, the emission spectrum shifts toward
shorter wavelengths, where the glass becomes transparent. Then it reaches the state when the greenhouse emits as much
energy as it consumes. That is, it sets the balance between the absorbed and the emitted energy per unit time, and the
temperature reaches its maximum, ceasing to rise.
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Fig. 6. Transmittance coefficient k(1) (1); incoming solar energy (2), absorbed solar energy (3); energy emitted by the heated
surface (4), energy that passes through the glass and leaves the greenhouse (5). The incoming solar energy spectrum is simplified
and corresponds to the blackbody radiation spectrum at the temperature at 5700 K (we also take into consideration the distance from
the Sun). The radiation of the greenhouse’s bottom corresponds to a blackbody heated up to 680 K. In this case the area under the
line (3) equals the area under the line (5), that means the heat balance.
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What is the temperature, at which the heat balance will be achieved? Let us describe the spectrum of the
greenhouse bottom’s radiation that penetrates through the glass (Fig. 6). It is not difficult to verify that the integral of
this function equals 830 W/m? when the temperature of the plate is approximately 680 K. So, with the conditions in our
experiment, the temperature that we could ideally achieve is 680 K.

It should be noted that in the current model, the key role in the greenhouse’s operation is played by the glass. Its
transmittance area determines the temperature that can be reached by an ideal greenhouse. For example, if the
transmission coefficient is the same for all wavelengths (k(1) = const), the greenhouse can only be heated to 370 K
(Fig. 7). Our task is to find a glass transmission spectrum that would allow the greenhouse to reach the maximum
possible temperature.

Let us consider a new model: one that includes glass that transmits in a very narrow range, localized at some
wavelength (Fig. 8).
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Fig. 7. (left) The transmittance of the glass k(2) (1), sun (2) and greenhouse (3) radiation spectra.
When k(1) = const, the greenhouse can only be heated up to about 370 K only. This picture shows that if there is no difference in
the glass transmittance for visible and infrared radiation, we get lower temperature. That is, the prevention of the escape of the
heated air is not the only important function of the glass.
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Fig. 8. (right) Transmission k() localized at a specific wavelength (1), sun (2) and greenhouse bottom (3) radiation spectra. The
intersection point of the two spectrum curves reaches this wavelength where the transmission of the ideal glass is localized. This is
the equilibrium between the absorbed energy and the emitted energy.

In this case, the temperature in the greenhouse will increase until the intersection of the Sun’s radiation spectrum
curve (taking into account the distance to the Earth) and the greenhouse’s radiation spectrum curve reaches this
wavelength (in other words, until the two objects emit the same amount of energy at this wavelength). Then the balance
will be achieved, and the heating will stop. When the intersection point shifts to shorter wavelengths, we get a higher
final temperature. To simplify the calculations, we will not take into account the impact of the Earth atmosphere. If the
Sun and the greenhouse emit according to Planck’s law, we obtain the following equation:

2mhc? 3 r? 2mhc?
n Y) h ’
A5 (ezlch - 1) R A5 (elk;‘g — 1) (6)

where r is radius of the Sun, R is the distance from the Sun, T, is temperature of the Sun, and T is temperature of the




84
EEJP Vol.4 No.2 2017 O. Ivashtenko

plate in the greenhouse. From this, we get:

hc

2 _hc '
Ak In <f—2 (e’“‘To — 1) + 1) )

This dependence of the temperature in the greenhouse on the wavelength at which the transmission of the glass is
localized is shown on the graph (Fig. 9). For sufficiently small A we get = T, , and for sufficiently big 1 we get

2
T->T, ;—2. So, in the ideal greenhouse model, isolated from all heat losses besides radiation, with a delta-function glass

transmission localized at a wavelength of about one nanometer, neglecting the influence of the atmosphere, it is

theoretically possible to reach solar temperatures. Higher temperatures cannot be achieved because of the Second Law
of Thermodynamics.
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Fig. 9. Dependence of the greenhouse temperature on the wavelength at which the glass transmission spectrum is localized
(logarithmic scale). For sufficiently small wavelengths, the temperature in the ideal greenhouse tends to reach solar values.

In real life, the impact of the atmosphere and other factors is so significant that we cannot neglect them. The Sun’s
radiation spectrum is too different from the blackbody, especially in the short wave range that is considered in the case
of maximum temperature. That is why in reality it is impossible to obtain temperatures close to solar values. For the
same reasons, it is also impossible to find this maximum temperature analytically. We can only try to estimate its
possible value, assuming that at least the plate in the greenhouse radiates as a blackbody (Fig. 10).
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Fig. 10. Plank’s curve for the Sun (1), the actual solar radiation spectrum (2) and the tangent curve (3) of the blackbody radiation
spectrum (T = 2200 K).
As the Sun’s atmosphere-modified radiation spectrum differs from a blackbody, the considered intersection point cannot reach an
arbitrarily small wavelength. That is why in this case the temperature can only approach about 2000 K — quite below the solar value.

Dead-ends
As has been mentioned above, the influence of the heat conduction of the greenhouse walls and air convection is
practically very significant. The consideration of these factors greatly complicates the model and makes it much more
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interesting and comprehensive. Unfortunately, this is beyond the scope of the posed problem. We also can not get the
transmittance spectrum of the glass from first principles at the molecular level. There are many kinds of glass, each with
their own transmission spectrum, (see [4]), but there is no way to get glass with arbitrary desired properties. It also
should be mentioned that our reasoning is done under the assumption that the window reflects the untransmitted
radiation. What happens if the window absorbs it instead? Its properties may change, which is a possibility we haven’t
considered. From equations (2) and (3) we see that the contribution of the surface albedo is the same as the contribution
of the coefficient k. In our model, we treated the albedo as a constant. However, in reality, albedo depends on the
wavelength and affects the result in the same way as the coefficient k, whose influence is investigated in the paper.
Therefore, considerations in this case are similar. We can also consider an idealized model for albedo, but it is useless
because it is too far from reality. It serves only to understand the dependence of the temperature on various parameters
and to find the generalized abstract principles. Thus, many ways to control the temperature in the greenhouse are not
covered by our solution of the problem. This paper is only a qualitative, idealized overview of the greenhouse effect
principle.

Application

How can this result be applied? There are devices (called solar collectors) operating on the same principle that are
used to accumulate solar energy. Unlike solar cells that produce electricity directly, a solar collector heats a heat-
transferring material. There are some widespread types of collectors that are used for heating air and water: flat and
vacuum solar collectors. When there is no heat intake (the stagnation case), the flat plate collectors can heat water up to
190-210 °C. In vacuum solar collectors the heat transfer medium can be heated up to 250-300 °C. Reflectors, different
heat transfer agents, and Sun tracking devices are used to increase the efficiency of these installations. House heating
and hot water supply can be carried out with the help of collectors. Collectors are easy to use, environmentally friendly
and present a promising alternative energy source [5].

CONCLUSIONS

In our investigation, we have studied the principle of the greenhouse effect based on the dependence of glass
transmissibility on wavelength. Having done estimations of heat balance in the greenhouse, we conducted an
experiment, traced the change of temperature with time and obtained a maximum temperature of 111 °C. Then we
proposed an ideal model that eliminates heat losses by heat conductivity and found the maximum temperature in two
idealized cases. In the case of ordinary window glass and an ideal solar radiation spectrum, the maximum temperature is
about 680 K. For the real solar radiation spectrum and ideal glass, whose transmittance spectrum is localized at some
wavelength, the result is about 2200 K. We also noted that in solar collectors, which are used to convert solar energy
into heat, it is possible to obtain a stagnation temperature of 300 °C, which is not too far from our idealized estimation.
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