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ABSTRACT

Placing a building inside a greenhouse alters lingate surrounding the building. If
the greenhouse can be used as patio this may etkteridutdoor” season. It may also
be a way of saving heating energy. Measurementthefclimates for a building
standing inside a greenhouse outside Varberg heee imade. For parameter studies
of the climate in the greenhouse and the buildingpdel was created in Simulink.

The greenhouse’s temperature in respect to orientaize, ventilation, internal sun
screens and replacing the northern glass fagcatieavabncrete wall was simulated.

The orientation and sun screens had almost no impae temperature, in general,
increased with the greenhouse size. Sensor cadroiéntilation cut off the heat
peaks. The concrete facade heated the greenhoasgy wiuring summer.

Five different building types were simulated: thagmal building with aerated
concrete, a typical lightweight design and a typlwavy design and all three with
Uwai= 0.22W/(m*K) and U,00=0.21W//(m*K), and two with higher U-values. For
the first the aerated concrete was replaced byretmavith w/c 0.65 and for the
second the insulation in the roof was removed. Termal properties of floor
construction, doors and windows were equal fobaildings.

The greenhouse proved to have a cooling effectl @f ahe three buildings with low
U-values due to the reduction of solar radiatiorodigh the transmittance of the
greenhouse glass. The original building was theneat and therefore also the most
energy efficient for heating. It was also the binigleast affected by the placement in
the greenhouse. The lightweight structure was thstraffected. Both buildings with
higher U-values got heated by the greenhouse bu¢mmugh to compensate for the
energy loss through transmission, when comparirtgamriginal structure.

Key words:  Building physics, greenhouse effect, rgye efficiency, indoor
temperature
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SAMMANFATTNING

Om en byggnad placeras i ett vaxthus kommer deanadfes av ett annat klimat an
det som ar utomhus. Forhoppningsvis kan detta klftrvéinga utomhussasongen och
minska byggnadens uppvarmningsbehov. FOr dettatearlb@r matningar av

temperatur och luftfuktighet gjorts for en byggniaétt vaxthus uppférda utanfor

Varberg och for att kunna andra parametrar skapadesiodell av byggnaderna i
Simulink. For vaxthuset simulerades temperaturédiegla av orientering, storlek,

ventilation, solskydd med véavar och att ersatta denra glasfasaden med en
betongvagg.

Effekterna av rotering eller inre solskyddsvavar sma. Temperaturen oOkade i
huvudsak med storleken och sjonk med ventilaticathgn. Betongvaggen Okade
temperaturen i vaxthuset dock mest p4 sommaren.

Fem olika byggnadstyper simulerades. Originalbyggnamed vaggar av lattbetong,
en typisk latt konstruktion och en typisk tung kipaktion anpassades till att ha
samma U-vardenUya= 0.22W/(m*K) and U,,,=0.21W/(m?*K)) dartill simulerades
en byggnad dar lattbetongen bytts ut mot en betoeg vc-tal 0,65 och en dar
isoleringen pa taket tagits bort.

Alla byggnaderna med de laga U-vardena kyldes asthuget pa grund av den
minskade solinstrdlningen. De andra tvd byggnaderaamdes av den Okade
omgivningstemperaturen. Dock var detta inte nogdiirkompensera for de dkade
transmissionsforlusterna  som  uppkommit genom de rehdgU-vardena.
Originalbyggnaden var den varmaste och darmed deansom kravde minst energi
for uppvarmning. Den var dven den byggnad som padess minst av att placeras i
vaxthuset. Den latta konstruktionen paverkades.mest

Nyckelord:  byggnadsfysik, vaxthuseffekt, energikfifatet, inomhustemperatur
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Notations

< s<c~ 4

Cp

Area (nf)

Thermal diffusivity (ni/s)

Specific heat capacity (J/kg, K)

Heat capacity of air at constant pressure (J/kg,K)
Thickness (m)

Saturation pressure for the air (Pa)
Temperature (°C) (K)

Time (s)

Over all thermal transmittance (W)
Volume (n?)

Heat load (W/s)

Vapor content (kg/m

Angle of incidence

Surface heat transfer coefficient (W/K)
Density (kg/nf)

Relative humidity (-), (%)

Thermal conductivity (W/m, K)
Volumetric heat capacity (W/mK)
Transmittance (%)

Abbreviations

LW

Long wave

LSA Lumped system analysis

RH

Relative humidity
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1 Introduction

The possibility of creating a new climate zone wittransparent walls is an idea
brought to life in greenhouses and atria and, imeno@mplex scale, sometimes used
as a future vision in science fiction. The transparwalls create shelter from the
outdoor environment at the same time as they pegvossibility to see the screened
environment, a sometimes appealing opportunity boithm architectural and
comfortable point of view. The possibility to letone daylight into the building may
sometimes also be considered as an advantagasatfehere in the North.

This report studies a greenhouse enclosing a ratimgle building with focus on the
created climate in the greenhouse and in the Imgjldihe building is an extension of
an older building and originally the family, thatves and lives in the building, had
plans to build the extension as a more conventioo@ih with “many windows” but
discussions with UNIT Arkitektur AB ended with tlggeenhouse design. The main
idea for this design is that the “outside” aredhi@ greenhouse will function as a zone
with a slightly warmer climate during the springdaautumn and therefore extend the
outdoor period. Since there is also the possibihigt the air in the greenhouse will
have an insulating effect there was hope thatwbisld be a possible way to construct
energy efficient buildings with thinner walls and/more windows, which would
allow more daylight into the building. The buildiagd the greenhouse are located in
Vare, outside Varberg, Sweden. The arrangemenhefbuildings can be seen in
Figure 1.1 below.

Figure 1.1  Arrangement of the buildings in Vare.eTRellow area is the
greenhouse.

1.1 Purpose

The main aims of this report are to present theatie in the greenhouse and the
building and to examine the effects the greenhdwaseon the climate in the building,

both in climate and energy consumed for heatings hlave been divided into four

guestions
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1. What will the climates in the greenhouse and thiing be?
2. What parameters affect the climate in the greerg®us

3. How does the greenhouse affect the climate, anckrieegy consumption, in
the building?

4. Would another type of building have been bettgrléme in the greenhouse?

The main model is also compared to the results fa@mulation with a model using
Lumped System Analysis.

1.2 Method

To evaluate the climate in the greenhouse and thiklihg measurements and
simulations were used. The measurements were noadetain values of the actual
climate. The simulations made assessments of p&earmokanges possible, which
would have been impractical or impossible to cauion the site.

1.2.1 Measurements

The measurements were started by Louise Xu Liljalai® January 2008 and
continued until the *Lof December that same year. Measured was;

% the air temperature and relative humidity outdoors

+«» the air temperature and relative humidity in theegthouse
+ the air temperature and relative humidity in théduog

% the air temperature on the roof of the building

Though some of the measurements failed, and theo&Hoors was not measured
from the end of April, they created a possibility &ssess the climates in the
greenhouse and the building, together with formangasis for verifying the detailed

simulation model. Since the period not cover a whgdar standarized climate data
for Goteborg was used for the simulations.

1.2.2 Simulations/ Parameter studies

For the simulations two Simulink models were camgied. The first was a simple
model of the building based on Lumped System Amal{sSA). This model was
created both in order to be an introduction to Simkuand to give the opportunity of
comparing LSA to the results of the other modele Wecond model was more
detailed both  concerning design and  calculationst Icontained
both the greenhouse and the building and used resdinbm the International
Building Physics Toolbox (IBPT). This model was ds®r the main part of the
presented results since the LSA is less detailéldoaty gives the indoor temperature
and the energy.

The input to the models was taken from drawingsftdnit Arkitektur AB and Uno
Borgstrand AB (the greenhouse manufacturer), in&ion from manufacturers,
tables of material properties and assumptions. tbuame limitations the aim was to
find the behavior of the climate in the greenhoasd the building rather than to
develop a perfect model and therefore some simatitins were made.

The energy demand was simulated for heating thdibgito 20°C during the heating
period.

) CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 1010:117



Below follows a description of the parameter stddy the greenhouse and the
building.

Greenhouse simulations

For the greenhouse the impact on the temperatuse stadied. This was made
through changing parameters for;

«* orientation

< size

X/
L %4

internal sun shading
< ventilation

>

+ thermal mass

L)

In addition to the changes in the temperature engreenhouse was also the effect
those temperatures had on the energy used fongdag building estimated.

Building simulations

For the building the effect of the greenhouse ptaaa for five different designs was
evaluated. The designs were;

+ the original design

% atypical heavy design

% atypical light design,

% avery heavy design and

% the original design with the roof insulation remdve

For all the buildings the indoor climate and thergy consumption were assessed.
The first three buildings were constructed to htéhe same U-value and hence are
also thermal effects of different designs with dddrvalue discussed (chapter 11).

1.3 Limitations

Since the purpose was to evaluate the effect tbenfpouse has on the climate in the
building only a simple heating system, set to ptevsufficient heating to keep the
indoor temperature at 20 during the heating period was modelled. The \atigh in
the building was in most simulations set to haww@astant air change rate of 0.5 air
changes per hour, even though the family has tlsilpiity to open windows and
doors. The building is only cooled by ventilatidrgth in reality and in the model, so
no estimations of energy needed for cooling havenbmade. Further on are the
simulated values of the relative humidity very utei@ due to difficulties in finding
proper input data for the outdoor relative humiditd the properties of the ground in
the greenhouse, so focus is set on the temperaameghe values of the relative
humidity in the model are mainly controlled so tkia¢y seem reasonable. No other
size or shape of the building than the originaéwsluated. The report is focused on
the practical results and do not go into detaitsualbhe theory behind them.

CHALMERS, Civil and Environmental Engineerinylaster’s Thesi2 010:117 3



2 Description of the building and the greenhouse

Below follow descriptions of the constructed builgiand greenhouse. As mentioned
in Section 1.2.2 some of the information is baspdnuassumptions. A number of

contractors were hired and it was not considerddade time spending to find the

exact values since this will not affect the priradipehavior of the building.

Both buildings are orientated with long sides fgchorth and South. The building is
located in the Western part of the greenhouse amgtdupies about 30% of the
greenhouse’s ground area, see Figure 1.1 in chhpEeor the calculation of U-values
0.13 and 0.04AK/W were used as outer and inner surface resistaspectively.

2.1 The building

The building can be seen in Figure 2.1. It is a-stoey rectangular building with an
inner floor area of 63fand an inner height of 2.4m. It contains a combikiechen
and living room, bathroom and a laundry room. Titterior plan is visible in Figure
3.3. The building is connected to the old buildingpugh an open passage way of size
1.4x2.2m. The roof is planned to be used as atevtdce.

Figure 2.1 Eastern and southern facades of thedmgl

The materials in the envelope can be seen in Takleon the next page. Briefly; the

foundation is an insulated concrete slab on theirgip the walls and the roof are

constructed with aerated concrete and blocks otmded clay respectively as load
carrying elements and the doors facing the greeséhgon the east and south walls)
are sliding glass doors. The doors and the windemesassumed to have a U-value of
1.7 Winf, °C. The walls and the roof are lacking theirdhing in the table, as they

were in reality when the measurements were caotgd
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Table 2.1 Materials in the building envelope

d A [Wim,|p C [J/kg,|U

[mm] | K] [kg/m’] | K] [W/m?,°C]
Walls 0.23
Aerated concrete 374 0.09 375 1000
Gypsum mortar 10 0.22 900 800
Windows (2-glass) 1.7
Doors 1.7
Roof 0.18
Screed 30 1 - -
Insulation 150 0.033 14 800
Blocks of expandedg 250 03 1050 1000
clay
Floor 0.11
Screed 10 1.7 - -
Concrete 100 1.7 2300 30
Insulation 300 0.033 900 800

2.1.1 Heating and ventilation

The building is heated through the use of an agaidh heat pump (with electricity as

back up source) connected to floor heating. Theofiiee heat pump creates an under
pressure in the building which corresponds to actenge rate of 0.5 air changes per
hour. The fresh air is taken in through ducts gainder the ground from outside the

greenhouse’s East wall. When this ventilation rateot enough the doors out to the
greenhouse can be opened.

2.1.2 Internal loads

The family consists of two adults and three chiddrBuring the measuring period
one of the parents was always at home with theli@nl and they spent most of their
time awake in the living room. The building contithe heat pump, washing
machine, tumble dryer, double shower (toilet andhasin), dishwasher, stove with
oven and washing-up sink. The family chose notadigpate with details of their
daily routines considering creating internal loads.

2.2 The greenhouse

The greenhouse is a typical industrial greenhowsestoucted by plain 4mm glass
panes and aluminum frames. The manufacturer givgs/alue of about 7 W/ K

for the design. The ground area measures 25x8nthanddge-height is 6.1 m. Doors
are placed on the north and south facades (théeararalso contains the opening for
the passage way between the buildings). Figurslf®s the southern fagcade and the
greenhouse’s location compared to the other buyklifrigure 2.3 shows the eastern
facade.

CHALMERS, Civil and Environmental Engineerinylaster’s Thesi2 010:117



Figure 2.2  The southern fagcade of the greenhouse.

Figure 2.3  The eastern fagcade of the greenhouse

The glass construction rests on plinths, raising Ibluilding 10-30cm, due to the
inclination of the ground surface, above the grouritte space between the plinths is
in its final form to be filled with stones and plaied. At the beginning of the
measurements about half of the gaps were filled laitger stones, the rest were filled
by the turn of February. According to Karin Sjodine ground is old seabed
consisting of about 80cm clay above sand. Insigegiieenhouse the ground is first
covered with a capillary breaking layer of gravetilahen, to be finished, with a layer
of clay tiles. The greenhouse is not used for gngwexcept for some tomato plants in
pots, and rather serves as a patio than a reg@anigouse.

6 CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 1010:117



2.2.1 Heating and ventilation

The greenhouse is unheated. It is ventilated dmguigh natural ventilation. The air
intake and outflow is made through the leakagethénfoundation and in the glass-
aluminum construction and through the hatches plame both sides of the ridge
almost all along the greenhouse; see Figure 2.Zgnae 2.3 above. The depth of the
hatches is 900mm and the degree of opening is almurby sensors feeling the
temperature in the greenhouse together with wingedpand rain outdoors. The
sensors were activated in the middle of August treddesired temperature in the
greenhouse was then set to 20°C.

2.2.2 Sun shading

Woven sun screens are installed below the roohefgreenhouse, visible in Figure
2.1-2.3. They are manually adjusted and can cdweentire roof when so is desired.
According to the manufacturer the screens tran88#6 of direct light and 75% of

diffuse light. They are also supposed to hinder £f%e energy from being radiated
out of the greenhouse (Ludvig Svensson, 2008). sthheens were installed in early
June.

CHALMERS, Civil and Environmental Engineerinylaster’s Thesi2 010:117



3 Measurements

Measurements were made from January 28 to Decein®#908. The first part was
made by Louise Xu Lilja (Xu Lilja, 2009). The egment was borrowed from
Wikstrom VVS kontroll AB and consisted of loggem ineasuring and recording air
temperature and relative humidity. The aim was &asure the climate outdoors, in
the greenhouse and in the building. Partly to obfgjures over the climates and
partly to obtain values to verify the climate modghinst. Due to a lack of experience
and problems with the loggers some of the measuresrfailed. More details are
presented in the section that follows.

3.1 Measuring periods and succeeded measured parameters

Xu Lilja measured from January 28 to April 26, 2008e beginning of this period
has to be considered a trial period since mistakdbe placements of the loggers
were made. Also later some of the measuring pouet® a problem but then due to
practical reasons. The placement affects the iktiabf the results and the occurred
problems are described and discussed later in dhapter. Problems with the
functioning of the loggers made some measuremaiitarid therefore time periods
and succeeded measured parameters are listedle 3 ab

Table 3.1 Measuring periods and measured parameters
28/1- | 23/2- 24/3- 26/4- 16/6- 14/8- 8/10-
23/2 24/3 26/4 16/6 14/8 8/10 1/12
(%]
S [Tae | y v v v v
g
5 | RHou v v
2 Tlow \/ \/ \/ \/ \/ \/
o
e | Tew y y y V V
()
O RHIow \/ \/ \/ \/ \/
20w | o y V V y y
=
@ | RHx v v v v v v

Xu Lilja used periods of about 1 month while laiee periods were extended in order
to to reduce the time spent on travelling and tietutbance of the family. She
recorded in intervals of between 15 min and 2h evifar this thesis work only 30
minutes intervals were used.

3.2 Equipment

The measurements were made, depending on avdjalgither by SatelLite or by
TinyTag. Both brands measure temperature or reldtwmidity (some devices of
SatelLite measure both). The loggers were assumdxt tcalibrated by Wikstroms,
though when a small validation was made this shaiiéerences of up to 0.5 degrees
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and 10 percent between the different loggers wheasoring the same temperature or
relative humidity respectively. For the temperattnie is not considered to affect the
conclusions while it for the relative humidity makibe results unsertain.

3.3 Measuring points

The measuring points had to be chosen due to thslplities of placement and have
therefore sometimes varied between the periodsxanth all cases been good.

3.3.1 Measuring points for outdoor climate

The devices for measuring the outdoor temperatweee placed in a cavity in the
foundation to the greenhouse, about 20cm abovgrthend on the north fagade. The
measurements of the outdoor relative humidity weagle from the same spot, except
for the period 2008-02-23 to 2008-03-24 when theiakewas placed only 10cm
above the ground and then broke due to moisturetpgion. From April 26 the
relative humidity outdoors has not been measured tua combination of a
misunderstanding and lack of equipment.

.-'l
A
.
i

....... ——— [T e T L

Figure 3.1 Measuring point for outdoor climate

3.3.2 Measuring points for climate in the greenhouse

The devices for measuring the climate in the greasé were initially mounted on a
small tree almost in the middle of the greenhouskabout 1.2m up from the ground.
To the second period the pot with the tree was wemhcand since then (end of
February) the measurements had to be made fronotaafwut 30cm above the
ground, 1m from the east wall and central in theheouth direction, see Figure 3.2.
This is probably both too low and too close to @l not to be affected by the
moisture in the ground, the draught from the fodiotiaand, most important, the sun
from the wall.
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Figure 3.2 Placement of the loggers for measurimg tlimate in the volume of
the greenhouse.

In addition to the attempt of measuring the climat¢he volume of the greenhouse
the temperature on the roof of the building was sueed. This was made in order to
see what the temperature on the planned roof eem@ald be. Those measurements
started with the third measurement period (end afdi) and this device was from

the beginning of August sheltered by aluminum toiteflect direct solar radiation.

3.3.3 Measuring points for climate in the building

The measurements of the indoor climate were mattetive devices taped to the legs
of the dining table placed almost in the middlgref living room. This point is in the
middle of the room and not exposed to direct s@dration but it is only about 0.5 m
above the floor that is a bit low. During the figgériod though the loggers were
placed in the northern window. This gave causeety distinct peaks when the solar
radiation increased and low temperatures other{asd corresponding changes in
relative humidity), clearly affected by the greenke temperature and solar radiation.
Figure 3.3 shows the measuring points.

Figure 3.3 Measuring points for the climate in thalding
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3.4 Results of the measurements

Below are the results of the measurements presenbtsy are divided into chapters
about the climate in the greenhouse and one abeutlimate in the building. Main
focus is given to the temperatures, both since #neyconsidered to be the most likely
to cause discomfort and since the reliability & theasured relative humidity is low.
The results from the measurements are not attaaBedn appendix but they are
available on a CD stored at the Division of Builglihechnology.

3.4.1 The measured climate in the greenhouse

Due to the measurement point that was used (fana#isurement periods except the
first) the measured climate in the greenhouse tiserainsecure and shall only be
considered as indicative. Also that the fact thatprerequisites for the climate in the
greenhouse changed during the measuring periogmachpact on the possibility of
assessing the climate in the completed greenhouse.

The disadvantages with the measuring point werstlyfithat it was not in the area
where people are and it therefore did not meastredlimate sensed by the people.
Secondly, the closeness to the eastern facadet(dbgumade it very likely for the
results to be directly affected by the intensitytloé solar radiation and therefore
overestimate the temperatures during warmer days. gives reason to believe that
the temperature results for the winter, when thiarsmadiation is low, are more
reliable than those for the summer. Thirdly, thesehess to the fagcade in combination
with the low placement, about 30cm above the groumake the measured impact of
ventilation unsertain since this is not in the maaolume of the greenhouse, where
most of the air movements take place. Fourthly, [dve placement also made it
probable that the loggers for RH were affectedhgyroisture from the ground.

The logger on the roof of the building was not potéd from direct sun radiation
until the middle of August.

About the prerequisites for the greenhouse it qainabe said that the greenhouse
was not completed in the sense of tightness, &l and sun screening when the
measurements started. The foundation was filled stibnes by the turn of February,
the sunscreens were installed in early June anddahg@ation activated in the middle
of August.

Keeping those faults in mind the results of the snead climate in the greenhouse is
presented below, first the temperature and thenellative humidity.

3.4.1.1 Results of measured temperatures in the greenhouse

Figure 3.4 below shows the measured temperaturthe igreenhouse and outdoors, a)
as they were measured over the period, b) as nyomtsén temperatures and last in c)
in a duration diagram. For the periods when the smesments of the outdoor
temperature failed (appear as zero values in Figuta), the temperature at 12 am,
for each available day, have been taken from measemts made by Varberg Energi
(www.temperatur.nu 2008). From their web page also the monthly mean
temperatures for the missing months were taken.
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Figure 3.4 Measured temperatures in the greenhamskoutdoors from January
28 to December 1. a) the measured temperaturelseirgteenhouse and outdoors b)
monthly mean temperatures c) duration diagram

Figure 3.4 shows that even if the error connectedhe measurement points is
unknown the general behavior of the temperaturéseisexpected. The temperatures
in the greenhouse are higher than the outdoor teafye and this difference
increases with the outdoor temperature (i.e. withihtensity of the solar radiation).
Further on the temperature on the roof is warman ttihe temperature close to the
ground. The lack of measured values is visiblehm duration diagram as the long
periods with a temperature of zero degrees. Thestfthe slope of the curves but not
the conclusions.

3.4.1.2 Impact of solar shading and ventilation

In Figure 3.4 a) and c) it can be seen that thesared temperatures in the greenhouse
are well above 40 degrees (above 50°C for the mafing some warm days. Those
temperatures were measured before the ventilatadohbs were activated and the
greenhouse was then only ventilated through thesgddloe leakages in the foundation
and a broken pane in the roof. The sun screenkenther hand, were installed just
before the highest greenhouse temperatures wersumnegla Taking a look at the
measured temperature on the roof of the buildin@)insince those measurements
succeeded also for the period before, it can be Hed the sunscreens not seem to
have any impact on the temperature. The temperatutbe roof remains unchanged
high compared to the previous period, even thodmghdutdoor temperatures then
were higher. Also the results from simulations,tieec7.5, show a very little impact
of the screens. In that chapter an explanatiothisris given.

When the ventilation was activated (see Figurea3dnd b)) a clear difference for the
roof temperature can be seen. There can be tworredsr this; either that the logger
was protected from direct solar radiation or theatfof the activated ventilation. The
logger was partly protected also by the screend,tlais had no visible impact, and
hence the result is most likely to be due to th&ilagion.
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For the lower measurement point there is a diffictib see any difference in the

temperature, though the family’s experience ofdhgvation is that the temperature
got more comfortable. The low impact may be duéhtoimpact of the closeness to
the facade or that the low placement close to tlge ef the greenhouse not is where
the major circulation occurs.

3.4.1.3 Impact of solar radiation on the temperature differences between the
outdoor temperature and the greenhouse temperature

Unfortunately the measurements of both greenhowsepdrature and outdoor
temperature have not succeeded for one warm andadeperiod with the loggers
inside the greenhouse on the low spot, which makegpossible to assess the impact
of the bad placement.

3.4.1.4 Relative humidity and vapor content

Since there only is one period with measurementdath the relative humidity
outdoors and in the greenhouse this section foatains a comparison between the
humidity in the greenhouse and outdoors and thenrelst of the results from the
measured humidity in the greenhouse are presented.

3.4.1.5 Comparison between the climate outdoors and in thgreenhouse

Figure 3.5 shows the differences between the céiroatdoors and in the greenhouse,
in @) as a comparison between relative humidity semdperatures and in b) as a
comparison of the vapor content in the air.
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Figure 3.5 a) Relative humidity and temperatureshie greenhouse and outdoors
from January 28 to February 22 b) Vapour contentha air in the greenhouse and
outdoors from January 28 to February 22

In a) it can be seen that that the relative humiditthe greenhouse is lower than
outdoors and that this is the result of the higherperature. In b) one more reason for
the difference in RH can be seen and that is tlevapour content in the greenhouse
in general is a little lower than outdoors. Thefati#nce in vapour content seems to
increase with the outdoor temperature, which issHiact of the ground drying out
during the warm season. The vapour content in thevas calculated from the
measured RH and temperatures using equation 3.B.@ndelow. The equation for
the saturation pressure is from Hens, 1996.

v @ % Py, X 0621x1000

101325~ ¢ x pg, (3.1)
Where
P, = eXpR35771- _40429 ,
T -37.58 (3.2)

3.4.1.6 Relative humidity and vapour content in the greenhase

In Figure 3.6 the measured relative humidity in ¢iheenhouse can be seen over the
entire measurement period. In a) is the measutativee humidity in the greenhouse
and the temperatures in the greenhouse and outttoarslanuary 28 to December 1
shown, in b) the monthly mean values for the redatiumidity and the temperature in
the greenhouse from February to November and iis ¢he monthly mean vapor
content shown.
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Figure 3.6 a) Measured relative humidity in the gmbouse and temperatures in

the greenhouse and outdoors from January 28 to bbee 1 b) monthly mean RH
and temperature ¢) monthly mean values of the vapotent in the greenhouse.

Figure 3.6 a) shows that the RH varied from lesnth0% up to condensation.
Naturally the relative humidity never exceeds 100%eality. The RH measurements,
as mentioned before, are uncertain due both tdiffexence between the loggers, the
closeness to the ground and the closeness to tlheResembering the very small
difference in vapor content between the outdoomrad the air in the greenhouse and
taking a look at the values for monthly mean vapamtent c) the closeness to the
ground appears not to be a problem from humidipees The greenhouse is not very
humid and more affected by the outdoor air thangtioeind. The very low RH values
during summer are therefore likely to be a restithveerestimated temperature due to
the closeness of the wall and the capillary bregkjiravel.

In order to easier assess the difference betweenclimate outdoors and in the
greenhouse the monthly mean values have been gdterTable 3.2 below (the
temperatures and vapor content are the same adggimeF3.5 b) and 3.6 c)
respectively). The ‘ indicates that there weremetisured values for the entire month
and therefore is the value the mean value of d&g fer April and day 16-30 for
June. The * indicates the use of temperatures mea@dly Varberg Energi.

Table 3.2 Measured monthly mean humidity and tesye
Jan| Feb | Mar | Apr | May | June | July | Aug | Sept | Oct | Nov | Dec

RHgh 61 |- - 42 48 51 64 |76 76 84

[%]

Ton 42 9.1 |18.4 |- 19.77 | 25.1 | 21.6|14.6 |12.0 |54

[°C]

Tgh roof 19.0 | 24.3 | 25.6 |27.8 |22.2|17.8 |13.4 | 6.2

[°C]

Tout 41 |32 |85 |14.3 |17.2*|20.2*|18* | 13.1 | 11.9*| 4.1*

CHALMERS, Civil and Environmental Engineerinylaster’s Thesi2 010:117

17




[°C] 4.0 | 3.1* | 8.2* | 14.0* 12.0*

Vgh 4.2 75 |9 88 |71 6.5 4.8
[g/m’]

Vout 4.4

[g/m’]

Assuming the relative humidity to be equal in thetire greenhouse and the
measurements on the roof to be reliable the clirnatthe roof of the building appear
to be close to the climate in Seville in Spain, §egure 3.7. The climate in the
volume of the greenhouse is most likely a little dmlder. From Figure 3.4 it can be
seen that (at least at some spots) the temperatihe greenhouse can be above 18
from February to the end of October compared tootitdoor season more general is
from middle of March to the beginning of Octobdihe Seville climate is taken from
Meteonorm.

90
% —@—RHzh =— ® =PRHSeville —d—Troof =-=m==T Seville /+

*C 80
0 /'\__:/—_L
60 = ~m -
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Figure 3.7 Monthly mean values for the climatethim greenhouse and Seville.

3.4.2 The measured climate in the building

Since the last period failed measured values ofdimate in the building were
obtained from January 28 to October 10. From thginméng until March 24 the
loggers were placed in the northern window andréiselts from those measurements
are included in Figure 3.8 a) and 3.9 a) only tovskhe difference in climate between
this location and the center of the room. The otheasurements were made from the
table leg. Unfortunately there are no values frams tpoint for cold outdoor
temperatures. The building was occupied duringwhele measurement period and
therefore ventilated both by the ventilation systmd opening of doors.
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3.4.2.1 The measured temperature in the building

Figure 3.8 below shows the temperature in the mgldompared to the temperature
in the greenhouse in a) as the measured tempesatues the period, in b) as the
monthly mean temperatures from March to Septemberrac) in a duration diagram

(window temperatures not included).
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Figure 3.8 a) The measured temperature in thedingl and the greenhouse. b)
Monthly mean temperatures from March to Septend)eduration diagram over the
temperatures from March 24 to October 10

Figure 3.8 a) shows that the temperature fluctnatidose to the window are a lot
higher than for the point in the middle of the rodrhe temperature in the window is
easier affected by the intensity of the solar mamimand the temperature in the
greenhouse than the temperature in the middleeofdbm.

From Figure 3.8 a) and b) it can be seen that éhgérature indoors follows the
trends for the temperature in the greenhouse. @impdrature in the building is also
affected by the solar radiation but since it cargdess glass areas the effect is not as
fluctuating as for the greenhouse. The smaller sglareas combined with the
insulation of the building, which prevents the indéemperature from falling quickly
when the greenhouse temperature drops, results nmor@ stable climate in the
building. The result is an average temperature @ltoe greenhouse’s, also during the
months when no heating is needed. For numeral§ade 3.3.

The duration diagram, Figure 3.8 c¢), shows thatitiu®or temperature during the
measured time mainly was comfortable. The tempezdall below 20°C a couple of
times, (with a minimum of 16.7°C) which for the gi@ values may have been caused
by the opening or improper closing of the glassrdashen entering or leaving the
building through the greenhouse. The longer dunadiocolder indoor climate, the red
circle in a), may indicate a problem with the hegtbut it may also be the result of
too late switching on the heating. The heating serot to be a problem during the
rest of the measurements. For most of the timegihdbe indoor temperature was
high. About 10% of the time the temperature wasval®/°C with a maximum of
34.3°C. As mentioned above this is a result ofithiéding being rather well insulated
and affected by the solar radiation. This is furtthiecussed in chapter 8.

20 CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 1010:117



Table 3.3

Monthly mean temperatures in the buildingd the greenhouse

Jan | Feb | Mar | Apr | May | June| July | Aug | Sept
Greenhousg
4.2 9.1 | 184 19.7 | 25.1 | 21.6 | 14.6
[°C]
Indoors
] 226 | 239 | 241 | 26.2 | 23.6 | 21.8

3.4.2.2 Measured relative humidity in the building

The measured humidity in the building is shown igufe 3.9 below. In a) as the
relative humidity together with the indoor tempaerat over the period, in b) as the
monthly mean values from April to September ana)ins the vapor content in the

building and the greenhouse shown.
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Figure 3.9 Humidity in the building. a) Relativerhidity and temperature in the
building from January 28 to October 10. b) Montimhean values for the relative
humidity and the temperature in the building fromriAto September. c) Vapor
content in the indoor and greenhouse air from Japs8 to October 10.

Figure 3.9 a) shows that when the temperature enbihlding rises high and the
relative humidity falls well below the recommendedinimum level of 30%
(Socialstyrelsen, 2009). This may cause some difmdinut since the mean relative
humidity stays between the recommended 30-70%h@®mieasured time, b), this is
not likely to be a health problem. In contrary iayreven have a positive effect on the
experienced climate in the building during the wasinhours since the dry indoor

29 CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 1010:117



climate makes water evaporate from the skin, whih a cooling effect, and the fact
that a warm and dry climate often is perceived numnfortable than a warm and
humid climate.

The increase of relative humidity during the autufoliows with the increase in
vapor content, c) and Table 3.4, and is likelyeéadine to the moisture buffering effect
of the materials and the ground in the greenhotike. vapor content in the air
increases during the summer (even though the velatimidity decreases due to the
higher temperatures). The vapor gets stored imthierials and the ground and when
the vapor content in the air falls the stored mwefivater is released into the air
again. This is further explained in chapter 9.

Table 3.4 Monthly mean vapor content in the greeskand in the building
Jan| Feb| Mar | Apr | May | June| July | Aug | Sept
Greenhous 4.2 75| 9 | 88|71
["C]
'”[%g‘]’rs 48| 51|54/ 3 65| 55

3.5 Main conclusions from the measurements

During the summer the temperatures rise high batithe building and in the
greenhouse. For controlling the temperature ingieenhouse the sunscreens seem to
have no impact on the temperature while the efiéthe ventilation is clearly visible.
The relative humidity in the building is sometime=y low but this is over all not a
problem.
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4 Descriptions of the models

Two models have been created. The first is a simpladel using Lumped System
Analysis (LSA) to estimate the indoor temperaturethie building, not considering
moisture. The second, the main model, is a detailedel for simulating the climate
in the greenhouse and the building. Both modelsewaeated in MatLab based
Simulink. The LSA model was made using the Simuliodicks while the detailed
model used blocks from International Simulink Binlgl Physics Toolbox (ISBPT).
Those blocks (using the Simulink blocks) were depetl by Building Physics
Department from Chalmers University of Technolo§weden, and the Department
of Civil Engineering from Technical University ofedbmark (IBPT, 2006)The use of
the pre developed blocks allowed the creation ofcael more detailed than what
otherwise would have been reasonable due to timsuroption and programming
skills.

Both models are used to find the numerical solstimnequation 4.1

v 2= UAT, -7, 0]+

) nVp.Cpa
a- pa dt

360( [Tvent _Tin (t)]+ A/vin [T(O’)l air 1 Tairt | diff ]+Vvint

(4.1)

The expression on the left hand side describe<hia@ge in stored heat while the
expressions on the right hand side describes dnsrrission losses, ventilation losses,
gains from solar radiation through windows and ititernal gains respectively. Note

that the transmission and ventilation losses, téleecolder temperature subtracted
with the warmer and that these two terms therefiorpractice are negative (when

heating). (Hagentoft, 2001)

The models are presented below and since the @dimatel is the most advanced the
areas and material properties used in the modeldisted in chapte#.2 Detailed
model The LSA model uses the same values for the paeasé requires. The U-
values are calculated by hand using the standdre Va13niK/W as outer surface
resistance.

4.1 The Lumped System Analysis model.

Lumped System Analysis (LSA) is based on the astomphat the building is that
well insulated that the indoor temperature is camiseven a (short) distance into the
building envelope (in comparison to “normal” caktibns where the inner wall and
the indoor air are considered to have differentperatures and therefore give cause
to an energy transfer between the wall surfacetla@air). This assumption simplifies
the calculations in such ways that the inner sarfasistance can be neglected and all
the volumetric heat capacities inside this distafecg. the parts of the walls with the
same temperature as the indoor temperature, partitalls, furniture and the indoor
air) can be added together, to form Ctot. The L$#ngmission losses are then
calculated from the points in the envelope wheeetémperature starts to differ from
the indoor temperature out to the surrounding outdair. See Figure 4.1 for
clarification with a simple wall example.
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Figure 4.1 Got and resistances for a wall calculated with Lump8gistem
Analysis.

When LSA is used, Equation 4.1 becomes simplifted t

dT (1) nVp.Cp,

Ctot dt = Ktot [Tut _Tin (t)]+ 360(13 [Tvent _Tin (t)]+ A\Nin [T(a)l air T Taite l diff }‘Nint
4.2)
Where

Cot = 2.AGY,

Ktot = Z K part

1
K part = Apart,j a -~
Rse,j + R/v,j

The indexi denotes the different materials holding the indeamperaturej the
different building parts (walls, roof etc) amg only because a wall is chosen in the
Figure, represents the resistance of the mateniake building part.

In the model is the greenhouse (e.g. the air irgteenhouse) assumed to work as the
thick layer of insulation around the building teatables the LSA. Therefore were the
simulations made with the surrounding temperatwemd the outdoor temperature,
and no simulation for the building alone was pdssibhe ventilation was assumed to
have an air change rate of 0.5.

The penetration depths of the indoor temperatuetire envelope were calculated as
the depth for heat penetration after 24h (stangmdod since the temperatures
seldom is “constant” longer than a day), accordingquation 4.3 (Hagentoft, 2001).

T [m] (4.3)
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a=—
pc [m/s]
The model also includes solar radiation througlsgreas where the transmittance is
set to be constant both for direct and diffusetli@68 for the windows and 0.66 for
the doors and internal heat loads as presenteeinsection.

4.2 Detailed Model

This model aims to give a better solution to equrad.1, and corresponding equation
for moisture, through splitting the material layeasd the air into a number of
elements and calculate the temperature and moistuntent in each of those.

For more information about the IBPT please weav.ibpt.org

The model itself can be separated into two moddisre the first contains only the

building and the second contains the building placethe greenhouse. The model of
the building alone is used as reference when effiettte greenhouse is studied. In the
model with the building placed in the greenhouseatthe effect the building has on

the greenhouse climate simulated. Therefore thidain@as also used to simulate the
climate in the greenhouse alone.

In the following to chapters are the input datatfa@ models presented.

4.3 Input data for the modeled buildings

In this chapter the areas, materials and transfefficients used in the models are
presented, firstly the building and then the greerse. Necessary comments to the
chosen parameters and deviations between the max@etgven below each table.

4.3.1 Input data for the building

Table 4.1 Surface areas

North East South West Roof | Eloor
Wall | Win | Wall | Win/door| Wall | Win | Door | Wall | Win
'[A‘mz] 348 34| 7.2 14.0 30.0 3.4 48 194 118 764 7p.4

In order to compensate for the loss through coidigess the wall measures are outside
measures. The windows and glass doors are assummahsist of two glass panes

separated by an air gap, no frames. Further ispleaing for the passage way over to
the old building ignored and this area is handkedvall.

With no consideration taken to partition walls dathiture the internal volume in the
building is 151 m which is the value used in the simulations.
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Table 4.2 Materials and their thickness and prajesrin the modeled building
Part Material d A p c
[mm] | [W/m,K] | [kg/m3] | [J/kg,K]
Walls Aerated concrete 375 0.09 400 900
Gypsum board 10 0.2 700 870
Roof Concrete wi/c ratip 30 15 2400 800
0.65
Mineral wool 150 0.04 14 800
Blocks of | 250 0.3 1050 1000
expanded clay
Windows and doorg Glass 3 1.06
2 glass Air gap 10 0.025 1.2 1000
Floor Expanded 300 0.03 20 1400
polystyrene
Concrete wi/c ratio 100 1.5 2400 800
0.65
Concrete wi/c ratio 15 15 2400 800
0.65

The properties for the aerated concrete and thekblof expanded clay were obtained
from the manufacturers. The other materials aniot gagameters were taken from the
pre made library in IBPT. In the model the gypsulaster on the original walls is
replaced with gypsum board, the screed on the i®oeplaced by regular concrete
and loose fill insulation is used on the roof. Téesaterial changes are due to what
was obtainable in the library and the two firstrage be minor changes but the use of
loose fill insulation has probably underestimatbad tolumetric heat capacity and
overestimated the lambda value, and thereby leadvirestimated transmission
losses.

Table 4.4 Transmittance for solar radiation for thvendows
Diffuse | Direct

a[°] 0 40 | 50 | 60 | 70| 80

T 0.65 0.75 0.73] 0.70| 0.63] 0.49]| 0.49

The building can be set to be ventilated with Qrschanges per hour, irrespective of
the indoor temperature or with an increasing nundfeair changes per hour due to
indoor temperature simulating the effects of opgrire doors to the greenhouse. The
modeled building is cooled only through the venia, just as the original. The
heating system is set to start heating when theeeature in the building is lower
than 20°C. Internal loads are assumed to be acuptdi Table 4.5 which is more
consistent with the life of a family not home withildren than the house owners’
present way of living.
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Table 4.5 Internal loads in the building

Time Moisture gain [g/h] | Heat gain [W/h]
0-6 25 200
6-8 400 300
8-16 25 200
16-22 200 400
22-24 25 200

4.3.2 Input data for the greenhouse

The greenhouse is modeled as a 4mm thick glassraotisn “flying” above a 20mm
gap. The gap is a simplification of the untightngsshe foundation. Table 4.6 gives
the glass areas and Table 4.7 gives the propéotiéke glass. The ground is assumed
to be 7 m of sand due to a lack of ground mateiralthe beginning, which is a
deviation from the original ground.

Table 4.6 Areas of the greenhouse

East/Wes{ North wall South wall North/southGround
gables roofs

A[m? |49 93.3 97.1 118.5 210

The difference in areas between the north and seathis due to the subtraction of
the area for the passage way. The greenhouse dooddiding glass doors and they
are assumed (and likely) to have the same propatiehe greenhouse walls.

The inside volume for the empty greenhouse is 1@&amd the roof angle is 27.6
The volume of the building is 248nthat is subtracted from the greenhouse volume
when the building is modeled inside the greenhouse.

Table 4.7 Properties of the glass

Diffuse | Direct

d [mm] [ o [] O |40 |50 | 60 ] 70| 8

4 T 0.78 0.86/ 0.85]| 0.83| 0.78| 0.67| O

The greenhouse can be ventilated by natural véntlahrough the gap and through
the hatches in the roof. In the reference greerhounty the gap is used.

The effect of the hatches is modeled as an incri@atbe number of air changes in the
greenhouse as the temperature rises see Table 4.8

Table 4.8 Air changes in the greenhouse due to ¢estyre and degree of
opening of the hatches

Temperaturg -20| 20| 21| 22| 23| 24| 25

n [-/h] 0 |0|1]|2] 6] 8] 1

The sand in the ground is modeled with propertsem dable 4.9 below.
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Table 4.9 Properties of the sand

Material d [mm] A [W/m,K] p [kg/m3] c [J/kg,K]

sand 7000 0.64 1600 800

The capillary breaking function of the gravel iretheal greenhouse is considered
through modeling the sand without capillary suction

4.4 Verification of the detailed model

The reasonability of the detailed model was cofddblthrough running the
simulations for a climate file based on the outdo@masurements made in Vare, see
next chapter for description of the file, and conmug the simulated climate in the
greenhouse and the building with the measured.r&ig2 shows the result for the
final model.

35
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Figure 4.2 Measured and simulated temperatures fktemnch 28 to May 15 2008
a) in the greenhouse and greenhouse and b) inufidihg

As can be seen in both Figure 4.2 a) and b) thes llmve the same period time and
the temperature in the indoor climate follows thienate in the greenhouse. The
deviation in temperature between the measured iamdated greenhouse climate, a),
are reflected in the indoor temperature, b). Logkat a) the deviation between the
measured and simulated greenhouse temperatureshavaybeen caused either by
improper placement of the measurement device dalsg assumptions in the model.
During the next period (where measured greenhamedrature is missing) both the
simulated and measured indoor temperatures, (spaeF4.2b), follow each other
rather well but now there is a problem in statinhatvthe temperature in the
greenhouse was like. However, since the trendghéocurves are clear and reasonable
and the reliability of the greenhouse measuremamtsliscussable this is taken as the
final model.

The LSA model has not been verified.

4.5 Climate data for the simulations

To verify the model the measured outdoor climata fm Vare, supplemented with
data from Vistaberg, Huddinge was used. Since thasored data neither covers an
entire year nor contains measurements of solaatiadi a standardized climate file
from SMHI (Swedish Meteorology and Hydrology Insté), covering Géteborg, was
used for the simulations.

4 5.1 Climate files

Both the SMHI file and the file constructed fronetimeasurements for this thesis are
based on hourly mean values and constructed aocptdi Table 4.10 below. The
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detailed model uses all the data while the LSA rhoaldy consider outdoor
temperature and solar radiation (through the wirgjow

Table 4.10 Organization of the climate files
Solar radiation Wind

Time | Tout | RH | Global Diffuse Beam | LW | Direction| Speed
(horizontal)| (horizontal)| (direct)

[(hl J[°C] | [%] | W] (W] (W] W] [m/s]

The verification file includes data from January &8 June 16 2008 and is a
combination of the measurements made at the sitk rmeasurements made by
Chalmers for a project in Vistaberg during the sgpregod. Both places are situated
on the coast and despite the geographical distdmeceemperatures follow each other
rather well during the period of interest, see Fegd.3 a).
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Figur 4.3 Comparison between the climates in Valistaberg and Goteborg. a)
Temperatures. b) Relative humitidy.

Where no measurement result of the relative hugnidit Vare is available 5
percentage units was added to the measurementsMistaberg (blue line in figure
4.3 b)). Looking at the periods where there aresueaments from Vare this seems to
be an acceptable approximation.

The solar radiation data in the verification file for Varberg taken from SMHI's
webpage (SMHI, 2008).
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5 Introduction and overview of simulations

Simulations were first used to assess the greeefwumpact on the climate
surrounding the building. Then the impact of maksogne changes in the greenhouse
design was tested. As reference climate for th@sellations a simulation of the
original greenhouse without the ventilation systemd sunscreens was used.

To evaluate the indoor climate and assess the ibgiltypes two different types of

simulations were made. The first were free runrigrgperature simulations and the
second were simulations with installations. Freenmg temperature simulations are
simulating buildings without installations. It iscammon way of evaluating how well

the (planned) design itself is fitted to the surmdilng climate. The simulations give an
indication of the indoor climate when the buildiisgonly affected by the surrounding
climate. Hence this type of simulation indicatesatvthe HVAC systems will have to

handle. Simulations with installations give a pretwf the climate in the building

when it is in use. The headirBuilding with installationsincludes heating system,

ventilation and also internal moisture load. Thiedf of internal moisture and heat
loads are discussed in Section 8.3.

The building was simulated alone and standing engteenhouse in order to be able
to compare its climatical behavior. Last differelesign types for the building (when
placed in the greenhouse) were evaluated.

For the climate in the building the reference cliendepended on what was examined.
To assess the effect of placing the building in gneenhouse the original building
standing without the greenhouse is used as referéd@mparisons of the effects of
placing different building designs in the greenlowgere made with the original
building placed in the greenhouse as reference tdmeerature on the building’s roof
has not been simulated since this was not possiltkee model.

Table 5.1 Overview of simulations

Chapter | Simulation description

no

6 Simulated climate in the greenhouse (refereneergrouse climate)

7 Climate in the greenhouse depending on oriemtatsize, ventilation}
sunscreens and adding a big thermal mass

8 Building without greenhouse- introduction to thélding’s behavior

9 Building in the greenhouse

10 Changing the building design. Original, lighgalry with equal U-valuep
and a very heavy building and the original withmdf insulation
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6 Simulated climate in the greenhouse

The climate in the greenhousegyfT vy, is affected by the outdoor conditions;
temperature, vapor content o(f Vou) and the solar radiation together with the
properties of the greenhouse where the transmétahthe glasstf), and the size of
openings are the most important. The U-value ofgllass is high and its heat storage
capacity is low which makes the greenhouse depémtetie solar radiation to obtain
and keep a different temperature than the one outddhe inflow of energy is then
higher than the outflow.

6.1 Input for the greenhouse

The greenhouse is the same as described in SetBaa Only the gap is used as
opening for the ventilation. The start temperatmd relative humidity are set to 0°C
and 80% respectively.

6.2 The simulated climate in the greenhouse

The simulated climate in the greenhouse compardget&oteborg outdoor climate is
presented below. Table 6.1 contains the monthlynmedues that are plotted and
discussed under the headitgsperatureandrelative humidityrespectively.

Table 6.1 Simulated monthly mean humidity and teatype

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
[Tg] 05 |-02|13 |51 |10.3|136|14.8|14.9 131/ 9.8 |55 |2.6
[T;g] 13|06 |24 |72 |12.7]16.3|17.7|17.5| 14.7| 10.9] 6.3 |3.1
[Fj/t]'wt 92 |90 |87 |82 |83 |82 |83 |s4 |85 |88 |90 |90
Ff(;')?h 82 |83 |80 |76 |74 |71 |69 |71 |72 |79 |81 |83

6.2.1 Temperature

Table 6.1 shows that the monthly mean temperatareshigher in the greenhouse
than outdoors. In Figure 6.2 a) the values canele® ®s curves and in b) are all the
simulated values presented in a duration diagram.
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Figure 6.2 a) Monthly mean temperatures in the gheeise and outdoor b)
duration diagram of the temperatures in the grearg®and outdoors

The figures shows that the temperature differenetvéen the greenhouse and
outdoors increases with the outdoor temperatuige (®@th the solar radiation). The
maximum difference in monthly mean is about 3 degrand also the duration
diagram shows that the difference in temperatur@sniym is about a couple of
degrees. The maximum simulated temperature in teenpouse is 32°C for an
outdoor temperature of 27.4°C. For the measuredhag 45.5°C compared to 29°C.
This is a rather big difference but it is hard &y svhat value is the most reliable. This
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is due to the measurement problems, the simplificatand assumptions made in the
modeling and the use of different climates.

The number of hours with a temperature above 18%&lé the greenhouse is 1057
compared to 472 for the outdoor temperature. Thoeseds start in the middle of
April and beginning of May for the greenhouse anttoor respectively. Both end in
the beginning of October. This trend is equal te tineasured values and the
greenhouse is warmer than the temperature outdotine spring but not during fall.

6.2.2 Relative humidity

The simulated relative humidity in the greenhouse as expected, lower than
outdoors, Figure 6.3. Since the ground is assuméayte no capillary suction there is
very little difference in vapor content between greenhouse and outdoors, see Table
6.2. The difference in relative humidity is thenefoalmost only due to the
temperature differences.
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Figure 6.3 Simulated relative humidity in the grieense compared to the outdoor
relative humidity.

Table 6.2 Monthly mean vapor content

Jan| Feld Mar | Apr | May | Jun | Jul] Aug | Sep] Oct| Nov | Dec

vou[g/m’] |3.73.4] 37| 44| 63| 83 8/8.9 |80 6.8/ 52| 4.2

Vo 35| 34| 37| 47| 67| 85 88 |76| 6.7 49| 4.0
g/
Differencel o510 | o | +0.3[+0.4 | +02|0 |-01| -0.4| 0.1 -03 | -0.2
[g/m7]
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7 Parameters affecting the climate in the greenhouse

In this chapter the results from simulating differealues of parameters that may
have an impact on the climate in the greenhous@rasented. The parameters were
orientation, size, ventilation rate, sun screerandg adding a big thermal mass. The
main focus is put on presenting the temperatureesiinis considered being the most
interesting parameter for a greenhouse not usedutivating. For most cases the
impact the new temperature in the greenhouse hatherenergy consumed for
heating the building were evaluated. A warning $thdoe raised for looking only at
energy saving though, since warmer during wintesbpbly also means warmer
during summer and the summer temperatures are dise eritical for comfort as will
be seen in Chapter 8 and 9. Though there hopefsilly possibility to solve the
summer temperatures through ventilating the indearperature down to equal the
outdoor temperature.

7.1 Input and reference climate for the greenhouse and
reference energy consumption for the building

Since this chapter is about the climate in themnease the results from chapter 6 are
used as reference climate. For the energy comparitgee result from Chapter 9 is
used.

The changes in input for the cases that will be gam®d to the reference are described
under each subchapter.

7.2 Impact of orientation

The impact of the orientation of the greenhouse @s@mmined through rotating the
greenhouse from its original position (long sidasifig north/south) to let them face
east/west and northeast/southwest. As can be segable 7.1 below the temperature
effects of the rotations were rather small.

Table 7.1 Monthly mean temperatures in the greesbouor different
orientations of the long sides.

Jan| Feb| Mar | Apr | May | June| July | Aug | Sept| Oct | Nov | Dec

N/S (ref)|1.3/0.6 |24 | 7.2 |12.7]|16.3|17.7/17.5|/14.7/10.9| 6.3 | 3.1

NE/SW [1.3|/06 |24 |72 |12.8|16.3|17.7/17.5/14.7/10.9|6.3 | 3.1

E/W 1.3/08 |26 |7.7]13.4]165|17.9/17.7/14.8/11.3/6.3 | 3.1

The 45° rotation made almost no difference at dlilevthe 90° turn raised the
temperature with maximum 0.7 degrees. Since th&0tdise occurs in May and the
second largest difference (0.4°C) occurs in Octdbere is reason to conclude that
orientation has the largest impact during sprind aantumn. This seems reasonable
since the intensity of solar radiation is then eathigh in comparison to the air
temperature and collecting the direct beams dutivey sunny hours can make a
difference. The overall small effect of the oridita is most likely due to the high
transmission losses for the greenhouse.
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7.2.1 Energy consumption

Even if the temperature differences in the greesb@re small there is a possibility to
save heating energy through using the orientafAgsrcan be seen in Table 7.2 turning
the buildings into an east/west orientation saaekast in theory, almost 9%.

Table 7.2 Energy consumed for heating due to thentation of the long sides of
the greenhouse and the building

N/S (ref)| NE/SW| E/W

kwh/m2,yearn] 88.5 82.0 80.7
(kWhlyear) | (5576) | (5165) | (5086)

Difference -7.3% | -8.8%

The main reason for the energy savings is prob#idy the building was rotated
together with the greenhouse that made the directidhe glass parts (especially the
eastern glass facade) change see Figure 7.1.

S

Figure 7.1 Orientation of the glass fagade in thdding

Figure 7.2 shows the temperature in the buildingMay; note that the rotated
buildings have almost the same temperature comgaréte greenhouses where the
temperature for the original and 45° rotation wiaslar.
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Figure 7.2  Temperatures in the building (with swmding greenhouse) for
different orientations

The rotation caused an increase in the indoor testyre of 1.1°C for the NE/SE case
and 0.9°C for the E/W rotation compared to the eases of the greenhouse
temperature that were 0.7 and 0.1 respectively.

7.3 Impact of the size of the greenhouse

The analysis of how the temperature in the greesdasl dependent on the size was
made through comparing one smaller and three lapgemhouses to the original size.
The small greenhouse had the same width as thmalrigut only half of the length
and 1m lower ridge height. For the larger greenbsuke first had the same height as
the original but the lengths of the sides were deadibFor the second also the height
was doubled. The third greenhouse was a squarditgiibf 500x500m and 30m
high. The roofs were in all cases a saddle rogfistptowards the north and south (as
in the original greenhouse), but since the dimersidiffered so did the angle of the
roof. The dimensions for the greenhouses can be ise€able 7.3. All greenhouses
were ventilated through a 20mm gap along the grpasdh the reference case.

Table 7.3 Dimensions for the greenhouses

Long side | Short side | Ridge height | Roof angle | Volume

[m] [m] [m] [°] [m’]
Original 25 8.4 6 27.6 1047
Small 12.5 8.4 5 14.7 510
Double, low | 50 16.8 6 14.7 4187
Double, high | 50 16.8 12 27.6 8373
Large 500 500 30 3.4 5625000

The resulting monthly mean temperatures for thieiifit sizes are listed in Table 7.4

and plotted in Figure 7.3.
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Table 7.4 Monthly mean temperatures for the diffesizes of the greenhouse

Jan| Feb| Mar | Apr | May | June| July | Aug | Sept| Oct | Nov | Dec

Ref 1.3/06 |24 |72 |12.7/163|17.7/17.5/14.7/109/6.3 | 3.1

Small 12|06 |23 |70 |125)/16.0]17.3]17.2|/145/10.8|6.2 | 3.1

Double |1.7|1.1 3.0 8.3 |14.0|17.9|19.4|189|15.7|115(6.7 |3.4
low

Double |1.6|0.9 |2.8 | 7.8 |135|17.2|18.7|18.2| 15.3| 11.3| 6.5 |3.3
high

Large 3.0/2.3 |53 |12.8/20.0|24.1|25.9/23.5/18.8/13.4/7.6 [4.0

30
°C
25 e

20 \
15 —M@— large

Double low
10

—@— Double high

month

1 3 5 7 9 11

Figure 7.3 Monthly mean temperatures for the défersizes of the greenhouse.

The monthly mean temperatures show that the termyeran the greenhouse
increases with the size and that the differencesharst distinct during the summer.
Though for the cases where only the ridge heiglet the volume) differs is the
greenhouse with the smaller volume the warmest.

To give a more detailed picture of how the tempeest differs between the
greenhouses a duration diagram and the temperaturgg the weeks containing the
coldest and the warmest outdoor temperature amgrshioFigure 7.4.
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Figure 7.4 Temperatures for different greenhougessia) Duration diagram over
a year. b) Temperatures during 6-12 February. anperatures during 7-13 July.

The duration diagram shows that all the curvetolthe same shape. Noticeable is
that for neither of the greenhouses the maximunpezaiure exceeds 40°C, which
still makes them colder than warm days close taMbditerranean. As can be seen in
b) and c) the large greenhouse is the warmest thating the warm and the cold

week, even if the magnitude of the difference dgfrom about 5°C during summer

to, more varying, about 1°C during winter. The @uifer the large greenhouse is also
smoother than the ones for the smaller greenholi$esdeviation from the outdoor

temperature increases for all the greenhousesglaammer.

Like other buildings greenhouses get heated byetmergy in solar radiation and
cooled by transmission losses. Since glass traasnust of the solar energy and has a
high U-value greenhouses are easily affected by lsuilar radiation and the
temperature difference to the surrounding clim@itee smaller greenhouses encloses
smaller air volumes and are therefore quicker lieégee the deviation between the
peaks in b) and c)) but they also have a largecgm¢age of surface area and are
therefore more affected by the surrounding clinthen the large greenhouse. Since
the heat capacity of air is low the transmissioaobpbly only a minor part in the
explanation of why the large greenhouse is thathmwarmer. The ventilation is
another factor, the gap percentage (gap area/etchisvolume) is also lower for the
large greenhouse and the ventilation is poorem ¢éveugh stack effect increases with
increased temperature differences this is probably enough to compensate. The
warmer temperature during winter and the smoothmésthe curve are probably
effects of the heat capacity of the ground. Thenvear summer temperatures, the
larger “floor” area and the fact that the heat cayaof the ground is much higher
than the one for air allows the large greenhousergt to save a lot of energy that
then heats the air during winter.

Another detail that may be of importance is thef muogle. The roof angle declines
with the size of the simulated greenhouses anc dime transmittance of the glass is
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higher (for direct light) the more straight the beahit the surface (see Table 4.7) a
flatter roof will allow more energy into the greenise. For the case with the same
roof angle it is the building with the smallest wie that gets the highest temperature.
This seems reasonable with the explanation abawee ghe same amount of solar
energy then is used to heat two different air vadam

To fit the futuristic vision of a city created undeath a dome and to see the effect of
a spherical roof it was desirable to model a domfertunately this was too complex
modeling to fit into this thesis.

7.3.1 Energy consumption

For the energy needed for heating the doublingahslgght energy saving effect while
the large greenhouse saves about 12 k\¥h/ear, see Table 7.5.

Table 7.5 Energy consumed for heating the buildimg different sizes of the
greenhouse

Original | Small | Double, low| Double, high| Large
kWh/nt, year | 88.5 87.5 |84.2 85.3 76.3
(kWhlyear)

(5576) | (5511)| (5307) (5374) (4810)
Difference [%] -1 -5 -4 -14

The result for the smaller greenhouse is uncediaice the smaller the greenhouse the
larger the impact of the building is most likelydathis is not considered in the model.

The energy savings are less than for rotating tleerdgiouse for all greenhouses
except the largest.

7.4 Impact of ventilation

The impact of the ventilation is divided into twarfs. In the first the tightness of the
greenhouse itself was increased and in the secami@ified version of the climate
controlled hatches was usethe greenhouse in both cases was ventilated through
natural ventilation.

7.4.1 Increasing of the greenhouse air tightness

The model is constructed with the greenhouse iisdiflly tight except for a gap
between the base and the glass in the walls. Tinésgasimplification of the leakages
in the base. In the reference greenhouse a ga@mfmi2was used and when the
tightness of the greenhouse was increased the gaginst reduced to 5mm and then
completely closed.

The results on the temperature in the greenhousegda year can be seen in Figure
7.5 below. First in a duration diagram and thenthe weeks containing the coldest
and warmest outdoor temperature respectively.
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Figure 7.5 Temperatures in the greenhouse for miffe tightness. a) Duration
diagram. b) 7-14 February. c) 5-12July.

All the Figures above show that the temperatureesmses with the tightness and b)
and c) that this difference increases when the éeatpres rise. The mean
temperatures for the cold and the warm week arsepted in Table 7.6, showing a
difference of 0.7 °C for the cold week and 3.6 &€the warm week when comparing
the original to the tight; the differences for timéddle tightness are 0.5°C and 1.8°C
respectively.

Table 7.6 Mean temperatures for the weeks contgitiia extreme temperatures
Cold week Warm week
[°C] [°C]

Reference -3.7 21.3

greenhouse

5 mm gap -3.2 23.1

Tight -3.0 24.9

That the temperature is higher in the tighter gneeise is reasonable since the
openings for bringing colder air in then is small@he reason for the increased
differences when the weather gets warmer is thah af the warmer temperature
increases the stack pressure in the greenhouss thos enough to compensate for the
smaller gap, its low position and the fact thatdhount of cold air that can be heated
is small which causes the air to almost stand. Sillle increased temperature in the
greenhouse reduces the need for heating of thdibgisomewhat, see Table 7.7.
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Table 7.7 Energy consumed for heating of the ugidor different tightness of

the greenhouse.

Ref 5mm | Tight

kWh/n?,year | 88.6 |84.0 |82.3
(kWhlyear) | (5576)| (5290)| (5186)

Difference [%] -5 -7

Creating a completely tight greenhouse is not sgaland even the 5mm gap would
be very hard to obtain (there is also a risk thatdir quality in the greenhouse would
be rather bad) but it is interesting to see thertical effects none the less.

7.4.2 Impact of opening the hatches

Opening the hatches allows air to flow throughdgheenhouse. Cold air is flowing in
through the gap, rises as it gets heated and leheagreenhouse through the hatches.
Since this process speeds up with increased tetoperdifference between the
inflowing and out flowing air the operation of thatches, as mentioned in Chapter
2.2.1, is assumed to be governed by the temperattine greenhouse.

The effect of opening the hatches was simulatedutiir regulating the degree of

opening of the hatches from 0-100%. The steps 075@&nd 100% were tested (0%
corresponds to closed hatches which is the referease). The number of air changes
per hour in the greenhouse due to greenhouse tampernd degree of opening can
be seen in Figure 7.5. The hatches are only inwisen the temperature in the

greenhouse is above 20° C.
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Figure 7.5  Air changes in the greenhouse due top&ature and degree of
opening of the hatches

46 CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 1010:117



The hatches’ task is to prevent the temperatutedrgreenhouse from rising too high.

The temperature dependency, both for the use ohalbehes and for the air change

rate, makes their impact higher the higher the traipre, see Figure 7.6. The degree
of opening appears to be of less importance.
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Figure 7.6 Temperatures in the greenhouse for miffe degree of opening of the
hatches. a) Heat peaks. b) Temperatures duringwhemest week. c) Duration
diagram.

7.5 Impact of sun screening

The temperature impact of sun screening was modeledigh adding screens that
covered 0, 50, 75 and 100% of the roof area, whesaepresents the reference case.
The screens transmitted 83% of the direct light @Bélo of the diffuse light. The
simulations were run with the same coverage forhalevyear. A duration diagram
over the differences in temperature inside thergrease is presented in Figure 7.8.
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Figure 7.8

Difference in temperature between thierence case and the cases

with screened roof
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The Figure shows that the differences in tempeeatocrease with the coverage
grade. It also shows that the maximum differenaenig 0.72°C. This is a small value

but it is in accordance with the measured resultsres no difference could be noted in
the measured air temperature after the installasicthe screens. For a clearer figure
of the difference between the different gradesosiecage are the results for the warm
week shown in Figure 7.9.
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Figure 7.9 Difference in temperature between thierence case and the cases
with screened roof during 7-13 July

Since the screens are placed inside the greenhlibegecan only shade the interior.
This excludes protection of the greenhouse itselinfthe solar radiation and allows
both the glass to be heated and the solar eneilgg tansmitted into the greenhouse.

7.6 Adding a big thermal mass to the greenhouse

In chapter 8.3 the heat buffering capacity of theugd was part of the explanation of
the warmer temperature in the large greenhousearder to see if adding a big
artificial thermal mass to the original greenhousrild raise the winter temperature
in the greenhouse the northern glass facade wéacezbby a 10 cm thick concrete
wall. The reason for choosing to replace the malteni the facade, even though it
affects the inlet of light, and not adding the missde the greenhouse (i.e. using the
building) was that the greenhouse model does mes@hat is inside it. The northern
wall was selected because it is assumed to haviedseimpact on the climate in the
greenhouse concerning inlet of solar radiation. Tesired result was that the
temperature during winter should get slightly warnaed the temperature during
summer slightly colder. Taking a looking at thefeliénces in temperatures though
(Trer-Teoncretd, Table 7.8, shows that the temperature incrededaag the winter but
even more during the summer.
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Table 7.8 Increase in monthly mean temperature ediby the concrete wall
Jan| Feb| Mar | Apr | May | June| July | Aug | Sept| Oct| Nov | Dec

01/01{02(03|04,04,04/{04|02]01|01]01

Increase

[’]

The explanation lies in the thickness of the wialchapter 12 is the heat buffering
effect of materials described. As the wall triesbin balance with the surrounding
temperature its surface absorbs heat during thenvely and releases it during the
colder night. The absorbed heat penetrates deepedeeper into the material as long
as there is a positive temperature differencetbayaffected material is warmer than
the unaffected. When the surface instead gets ddnyehe surrounding air the energy
gradually starts to flow out of the material stagtirom the surface. Those processes
are always working. For thick materials though thm or cold periods are not
always enough to counteract all the effect fromphevious, a shorter or less intense
colder period can leave some heat in the matdratl ¢ontinues to try to distribute
itself evenly to the surrounding material just ase avarm spring day may not be
enough to thaw the entire snowman. The concretéisvahly thick enough to store
heat for about 2 days, meaning that if the thah& surrounding temperature was
constant the wall would have an evenly distributethperature all through the
material after 2 days and this is why the wall ohés a short term effect, while the
ground being several meters thick can store eneogy summer to winter. The effect
this has on the energy use in the building is thas 0.5% saving. The energy use
drops from 86.6kWh/f year to 86kWh/rh year.
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8 The building without greenhouse- introduction to
the building’s behavior

Figure 8.1 shows a simple description of the madéhe building.

in

in

Figure 8.1 Schematic picture of the climate in bh@ding. The indoor climate is
affected by outdoor conditions and the buildingsgarties.

The indoor climate (i, vin) is affected by the outdoor conditions; tempematuapor
content (Tuy, Vouy) @nd the solar radiation together with the prapertor the building
materials; conductivity, transmittancg;if), heat storage capacity and absorbance.

8.1 Basic input for simulations

The building is the same as described in SectiBri4Start temperature and relative
humidity in the building were set to 20°C and 509 Respectively. The simulations
were run with the climate file for Goéteborg. Chasge additions of the input are
described in a separate chapter.

8.2 Free running temperature simulation of the building

The results of the simulation of the climate in thelding without installations and
internal loads are presented below.

8.2.1 Temperature

Figure 8.2 shows the simulated indoor temperatargether with the outdoor
temperature used as input. In a) over the yeaasbhonthly mean values and in c) in
a duration diagram.
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Figure 8.2  Temperature in the building and outdodos simulation of the
reference building without heating system. a) Taatpees over a year. b) Monthly
mean temperatures. ¢) Duration diagram.

In all the graphs in Figure 8.2 it can be seen thatindoor temperature follows the
trend of the outdoor temperature though the devnabetween the curves is larger
during the warmer seasons. The indoor summer teatyreralso appears to be very
high. In a) it can be seen that the indoor tempeeatises well above 40°C for warm
days (the maximum temperature is 47.8 °C). b) aablél 8.1 show that also the
monthly mean temperatures are very high for thenwaronths. Looking at c) the

indoor temperature is above 20°C more than 50%ef/ear.

Table 8.1 Monthly mean temperatures

Jan| Feb | Mar | Apr | May | June| July | Aug | Sept| Oct | Nov | Dec

Towt |05(-0.2/14 |51 |10.3|13.6|14.8/149|13.1|9.8 |55 |2.6

Tin | 7.7 |7 12.4123.7|33.8|37.3|40.2|36.2129.1|21.3(129|7.1

Due to the combination of a well-insulated buildiwgh big glass areas and a flat
roof the temperatures are not surprising. Theseifacreate a building that is easily
affected by solar radiation. The glass parts |dtateoon energy in and the insulation
prevents the indoor heat to escape through trasgmis(which also keeps the

building warm during night time and days when tbkasradiation is strong even if

the outdoor temperature is cold). The flat surfat¢he roof makes it exposed to
direct sunlight all day (in comparison to a tilledhorizontal surface that is shadowed
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during parts of the day). A closer look at the tenapure for the week containing the
warmest outdoor temperature is shown in Figure 8.3.
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Figure 8.3  Temperature outdoors and in the buildfog cold simulation during
7-13 June.

The figure shows, in addition to the very high indteemperatures, that the heat peaks
occur indoors before they occur outdoors. Thisue tb the quicker heating of the
limited air volume inside the building comparedthe outdoor air. Since most of the
glass in the building is placed in the easterndacthe morning sun can be used as
help for warming the building after the night. Theilding’s combination of a small
air volume inside an insulated envelope makes fécédd by the heat through a
window also when the solar radiation is not vemprsg); the outdoor air reaches its
peaks during the afternoon.

Also during the week containing the coldest outdtamnperature of the year the
impact of solar radiation is clearly visible segufe 8.4. Note that the temperature
indoors never drops below 0°C, Figure 8.2 b).

The very visible impact of solar radiation shoudoe considered before constructing
this type of building, especially in sun dense dligs.
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Figure 8.4  Temperature outdoors and in the buildfog cold simulation during
6-12 February

8.2.2 Relative humidity and vapor content

In order to see the behavior of the humidity in blnédding a simulation (free running)
over three years was run. To decrease the ingjabrcontent the starting temperature
was set to @ (with the initial RH kept at 50%). The resultstbé simulation can be
seen in Figure 8.5 below.
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Figure 8.5 a) Relative humidity, temperature angaracontent for the air in the
building during three years. b) Monthly mean vapontent indoors and outdoors
over three years.

Figure 8.5 a) shows the monthly mean vapor conteatdoors and indoors. This
figure shows clearly that the vapor content indasnsot mainly a result of the vapor
content in the outdoor air in that the indoor curvacts ahead of the outdoor one. The
dominating factor behind the behavior of the vapwside the building is most
probably the building aiming to get in balance witle vapor content in the ground.
Vapor from the ground rises into the building dgrihe winter (when the content is
low inside the building/when the house is coldamtithe ground) and a part of it goes
back during the summer (when the house is warnaar tithe ground) and the rest goes
out to the ambient air.

8.3 Building with installations and internal heat loads

The effects of installations and people were stlidibrough three different
simulations.

1. Heated with heating system and ventilation

2. Int. loads with heating, ventilation, moisture and heat loads
3. Vent free running temperature simulation with ventdati
4. (Vapor loads with heating, ventilation and vapor loads)

The heating system switched on when the temperatute building was lower than
20°C. The ventilation rate was held constant at &t5changes/hour. The internal
loads that were used are those listed in Tabl¢sBue as in Table 4.5)

Table 8.2 Internal loads in the building

Time Moisture gain [g/h]| Heat gain [W/h]
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0-6 25 200
6-8 400 300
8-16 25 200
16-22 200 400
22-24 25 200

8.3.1 Energy consumed for heating

The simulation without heat loads gave energy conion for heating of 5535kWh

(87.9 kWh/m2, year). Simulation with internal loaglsve 4462kWh (70.8 kWh/m2,

year), which is almost 20% less. Hence the intehsalt loads have a very visible
impact on the temperature in the building. Thistagiether with the effect of adding
the heating system and ventilation, presented helow

8.3.2 Temperature

The continuous lines in Figure 8.6 show the eftéadding heating and ventilation to
the building. The dashed line shows the indoor &napire when the internal loads
are added. The plotted monthly mean values camdedfin Table 8.3 further down
this chapter.

45

°C

40 el T ref
’A\ - jes i

35 . A== T int. loads

== T heated

; [/
jzpﬂ— / \
) V4 N
i ,

' ' ' ' ' month
1 3 5 7 9 11

Figure 8.6 Monthly mean temperatures outdoors amdhie building with and
without heating system

Comparing the temperatures for the unheated referease to the heated building it
can be seen that the ventilation lowers the indearperature very visibly during
summer. The effect of the ventilation system casd®n in Figure 8.7. Comparing the
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temperatures for the heated building with and withiaternal loads the effect of the
heat loads is a rise of about 2°C.

The use of outdoor air for ventilation relates twoling effect to the difference

between the indoor and outdoor temperature, whiclveiry clearly visible when

comparing the deviation between the unventilatéedreace curve and the ventilated
free running temperature curve in Figure 8.7. Tige@nce in July is about 5°C

compared to less than 1°C in December. Resultinthe heating of the building

increases the cooling effect of the ventilationiniyithe winter.
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Figure 8.7 Effect of the ventilation on the montilgan temperatures
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Table 8.3 Monthly mean temperatures

Jan | Feb] Maf Apr | May | June| July | Aug | Sept| Oct | Nov| Dec

Tout 05| -0.2] 14| 51 10.813.6/14.8|/14.9|13.1) 9.8 | 55| 2.6

Tret 7.7 | 7.0| 12.4 23.7| 33.8| 37.3|40.2| 36.2| 29.1| 21.3|129| 7.1

Tvent 6.6 | 58| 10.019.3| 28.0| 31.7| 34.4| 31.4| 25.6| 18.9|11.6| 6.3

Theated | 19.8| 19.9| 20 | 22.7| 28.5|31.9|34.6| 31.5|/25.8|21.2| 20 | 19.8

Theat 19.9/20.0| 20.1| 23.9| 30.6| 34.1| 36.8| 33.7| 27.8| 22.2| 20.1| 19.9

loacs

8.3.3 Relative humidity and vapor content

Figure 8.9 and Table 8.4 show the monthly mean wapotent over two years. The
vapor content in the heated building is very cltséhe vapor content in the outdoor
air and the decrease, that is so visible for tifiereace case, is now very small (there
is no difference at all between the second andl tih@gar). The use of untreated
outdoor air in the ventilation and the fact thdfudiion is a slow process compared to
the air change rate of the ventilation explains difeerences. The vapor loads add
about 1g/m.
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Table 8.4

Monthly mean vapor content

VOLg Vreé Vheaéed Vvapor loads

[g/m ] [g/m ] [g/m ] [g/m ]
Jan-08 3.7 2.5 4.6 53
Feb-08 3.4 3.1 4 4.8
Mar-08 3.7 4.4 4 5
Apr-08 4.4 8.2 4.8 5.8
May-08 6.3 14.2 6.5 7.6
Jun-08 8.3 16.6 8.6 9.7
Jul-08 8.8 17.2 9.1 10.2
Aug-08 8.9 13.2 8.5 9.7
Sep-08 8 8.7 7.4 8.5
Oct-08 6.8 5.7 6.5 7.4
Nov-08 5.2 3.4 5.2 6.1
Dec-08 4.2 2.4 4.4 53
Jan-09 3.7 2.2 4 5
Feb-09 3.4 2.6 3.7 4.7
Mar-09 3.7 3.6 3.9 4.9
Apr-09 4.4 6.9 4.6 5.8
May-09 6.3 11.8 6.4 7.6
Jun-09 8.3 13.3 8 9.1
Jul-09 8.8 14.4 9 10.1
Aug-09 8.9 11.2 8.5 9.6
Sep-09 8 7.5 7.4 8.4
Oct-09 6.8 5 6.5 7.4
Nov-09 5.2 3 5.1 6.1
Dec-09 4.2 2.1 4.4 53

Focusing on the relative humidity in the buildingyére 8.10 a) shows the difference
in the behavior for the relative humidity betweéwe treference case and the heated
building and b) the curves for temperature and vammtent that can be used for
explaining the difference.

CHALMERS, Civil and Environmental Engineerin§laster’s Thesi2010:117 59



60.00
%
50.00

40.00

30.00

——RH ref

20.00

—— RH heated
10.00

0.00 . | |
1-Jan 10-Apr 19-Jul 27-0Oct

50.00
°C
45.00

T ref

——Theated
40.00

g/m?
35.00

v ref

—— v heated
30.00

25.00

20.00

15.00

10.00
5.00

OOO 1 I T I T T I
Jan-2008 Mar-2008 May-2008 Jun-2008 Aug-2008 Sep-2008 Nov-2008

b)
Figure 8.10 Moisture in the building with and witltoheating system a) Relative
humidity. b) Temperatures and vapor content.

The behavior of the reference curve is explaineasvabThe effects of the ground is
less visible for the heated curves since the \edidih removes some of the vapor
indoor and the vapor load adds additional moisture.
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9 Simulation of the building in the greenhouse

Adding the greenhouse to the model creates a nievate zone. Now the climate in
the building is affected by the climate in the greeuse, which in its turn is affected,
by the outdoor climate (and in reality slightly the climate in the building, but this is
not modeled). Figure 9.1 shows the principle. Nibtat here the intensity in the
sunlight is reduced through the transmittance efgreenhouserd,) before it reaches

the walls and windows in the building. The intepsf the radiation that enters the
building through the windows is therefore reducedt fthrough the greenhouse’s
transmittance and then through the transmittan¢keofvindows.

<4
55

c 2

Figure 9.1 Schematic picture of the model of theldmg standing in the
greenhouse.

9.1 Input for the case building in the greenhouse

For the building only those changes are made tiivws from the placement in the
greenhouse (reduced sun intensity and changeduswlirgy temperature).

The greenhouse is the same as described in Séc8dhand simulated in Chapter 6.
No other ventilation than that through the gap e bottom is used. The start
temperature and relative humidity are set to 0°€ &0%6 respectively.

9.2 The greenhouse’s impact on the climate in the buildg

Adding the greenhouse to the model of the buildaatually increases the energy
consumed for heating somewhat, from 5535 kWh/y88k\('h/nf, year) to 5576
kWh/ year (88.5 kWh/R). Taking a look at the temperature results from ffee
running simulations for the weeks with the minimuamd maximum outdoor
temperatures, Figure 9.2 below, it appears thatgileenhouse helps to keep the
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temperature in building more comfortable, both teéd and warm week, generally
warmer for the cold week and cooler for the warnekve
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Figure 9.2 Temperature results for simulation oé thuilding without heating
system, with and without the surrounding greenhoa}dor 6-12 February b) 7-13
July.

For the cold week this is due to the warmer surdimgn temperature but as can be
seen for the higher temperature peaks, where thdiry without the surrounding

greenhouse is warmer, this effect is smaller than effect of the reduced solar
radiation. The reduced incoming solar radiationeapp to be the reason both for the
higher energy consumption and for the better indearperatures during the warm
week. The fact that this is visible even for Felbyuavhen the intensity of the solar

radiation is not very strong, again shows how gdbki¢ sun affects the building. For
the cold week the reduction is less than 0.5 degaeel only occurs for a few hours
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while for the warm week it is more than 1 degred awer longer periods. Taking a
look at the difference in monthly mean temperatuii@ble 9.1, this effect is visible
even when the hours without sunlight are includedhe calculations. The mean
temperature for the building in the greenhousdiggily colder for all months except
those with the least solar radiation, November, dddwer and January. Since the
transmittance of the greenhouse glass works in Biwdctions it also prevents some
of the sky radiation during nighttime to occur,tbe house inside the greenhouse is
slightly warmer during the night than the buildwghout greenhouse.

Table 9.1 Monthly mean temperatures for the bugdiwith and without
surrounding greenhouse

Jan| Feb| Mar | Apr | May | June| July | Aug | Sept] Oct | Nov | Dec

Tret [°C] 7.7 7 |12.4]23.7]33.8|37.3/40.2|36.2|29.1|21.3|129| 7.1

Tgn[°C] 8 | 6.7]12.2|123.1|33.4|37.1140.1{36.3| 29 |21.2|129| 7.2

[Ef'(‘;f]erence 03]-03|-02|-06|-04|-02|-01/-01]|-01]|-01] 0 |01

9.2.1 Relative humidity

In Figure 9.3 below results from the simulationstioé relative humidity for the
reference case and the building in the greenhotessheown. Both the curves for the
heated and unheated simulations show the samerp#itehe reference building and
the building in the greenhouse. The addition of gineenhouse seems to have no
major impact on the behavior of the relative hutyidin the building more than the
one that follows from the temperature differencée Tdifference for the unheated
simulations can be estimated from the colder suntemaperatures for the building in
the greenhouse.

60.00
o RHgh  eeereeees RH ref RH heated gh ~ «xeneeeee RH heatgd

55.00

50.00

45.00

40.00

35.00

30.00

25.00

20.00 . . .
1-Jan 10-Apr 18-Jul 27-Oct

Figure 9.3 Relative humidity for the simulationstloé building with and without
greenhouse and with and without heating system.
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9.3 Main conclusions from chapter 8 and 9

To summarize the most important conclusions from gimulations of the building
with and without the surrounding greenhouse it barsaid that the building is very
easily affected by solar radiation. This causesattdition of the greenhouse to mainly
have a temperature reducing effect of the indomiptrature in the building since the
incoming solar radiation is reduced through thengnaittance of the glass in the
greenhouse. A heating effect of the temperaturkeréifice between the outdoor air
and the greenhouse is only visible for those monithesn there is very little sunlight.
However, the effect is small maximum +80C3 The result of the sensitivity to the
solar radiation is that the indoor temperature Gs@ very high during the summer
and this makes the ventilation of the building vénportant in order to keep the
indoor temperature acceptable.
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10The impact of the choice of materials in the
building when it is placed in the greenhouse

In order to evaluate the chosen design’s suitgbiéit being placed in a greenhouse
the original building has been compared to two $&miypes of more traditional
structures, a heavy structure made of concrete iasalation and a lightweight
structure. Both of these structures were set t@ lihg same U-value as the original
building. In addition to those, also the effectssome minor (theoretical) changes in
the design of the original building were simulatedthis first case the insulation was
removed from the roof and in the second the aeratedrete in the walls and the
expanded clay blocks in the roof were replaced logracrete with w/c-ratio of 0.65.
The energy needed for heating was evaluated tagetfith the effect on the
temperatures in the building.

10.1nput

In designing the test buildings no consideratiors waken to load carrying capacity
since only the U-values and material propertiesewamsidered to be important for
this schematic evaluation. Hence the walls andsraofthe structures with the same
U-value as the original were assumed to be cortsluas plain layers of materials
with the thickness of the insulation layer adjustedjive the desired U-value. In the
other structures the insulation was removed and civecrete material changed
respectively. For all cases the windows, the daord the floor design remained
unchanged. Materials, thickness and lambda valoeshe different designs can be
seen in table 10.1 below.

Table 10.1  Designs for ddi= 0.22W/m,K, Uxo=0.21W/nf,K and changes in the
original design

Part Design/material d [mm] | A [W/m K]
Original

Wall Aerated concrete 375 0.09
Gypsum board 10 0.2

Roof Concrete 30 15
Insulation 150 0.04
Blocks of expanded clay 250 0.3
Heavy

Wall Cement mortar 10 1.2
Insulation 163 0.04
Concrete 100 15

Roof Concrete 30 15
Insulation 180 0.04
Concrete 100 15
Light

Wall Spruce 15 0.1
Insulation 158 0.04
Gypsum board 13 1.2

Roof Spruce 15 0.1
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Insulation 175 0.04
Gypsum 13 1.2
Concrete
Wall Concrete 375 1.5
U=2.13W/nf,K | Gypsum board 10 1.2
Roof Concrete 30 15
U=0.24 W/nf,K | Insulation 150 0.04
Concrete 250 15
Without insulation on the
roof
Roof Concrete 30 15
U=0.98 W/nf,K | Blocks of expanded clay | 250 0.3

All simulations for energy calculations were madighvan air change rate of 0.5 air
changes per hour. Internal moisture loads are bmiolgided but no internal heat
loads. The initial temperature in the buildings wasto 20°C.

10.2 Effect of the greenhouse on the energy consumptidor
heating for the different designs

In Table 10.2 below the simulated energy need &apikng the indoor temperature at
20°C during the heating period for the differensidas is shown. The table first
shows the result for the building alone and thentfe building standing in the

greenhouse. Furthermore it shows the differencesmsumed heating energy for the
with/without greenhouse case for each design amd differences between the
reference building in the greenhouse comparedaother designs in the greenhouse.

Table 10.2  Energy consumption for different designs

Ref Heavy | Light | ConcretgWithout

roof ins.
Building
[kWh/m? year] 879 [87.1 |90.6 |2719 |150.0
(kWhlyear) (5535)| (5490) | (5710)| (17130) | (9447)
Building in greenhouse
[kWh/m? year] 88.6 |111.3 |96.8 |208.1 133.2
(kWhlyear) (5579)| (7011) | (6096)| (13110) | (8390)

Difference in consumed energy| 0.7 24.2 6.2 -63.8 -16.8
Building in greenhouse-building

(KWh/n?, year) +0.8% | +27.8%| +6.8% | -23.5% | -11.2%
Difference from reference case 22.7 8.2 119.5 44.6
in greenhouse, (kWh/myear) | - +24.8%| +9.3% | +134.9%| +50.3%

The table shows that the reference case is the enesty efficient, even compared to
the designs with the same U-value. It also shoasftr all the designs with the same
U-value the addition of the greenhouse causes aegrdemand for heating than for
the cases without greenhouses. Looking at the resigds with equal U-value during
the cold week, Figure 10.1, it can be seen thatdhwerature always is warmer for
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the case without greenhouse (compared to the referkuilding where the “without
greenhouse case” was only warmer for the peaksgltinis week, chapter 8.3). This
is most likely due to the same reason as beforeeithection of the solar radiation.
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Figure 10.1 Temperatures in the building with anthaut greenhouse during the
cold week. Designs with equal U-value.

For the two designs with higher U-values all thergy consumptions are markedly
higher than for the reference building. Through dugiation for static transmission
losses, equation 10.1 below, it can be seen thagher U-value will increase the heat
flow hence those results were expected.

Q :UA(Tin _Tout) (101)

A higher U-value also makes the impact of solaratémh smaller since this additional

heat now more easily can flow through the buildemyelope. This would make the

buildings more sensitive to the temperature difiees between the outdoor air and
the air in the greenhouse than the reduction éduwihg solar radiation and looking at

Figure 10.2 this can be seen. The buildings nowveaemer when placed in the

greenhouse; even though the reduction of solarggnstill can be seen in the peak
heights.
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Figure 10.2 Temperatures in the building for changes in thegioial design, witt
and without the greenhouse during the cold week.

This led to an energy saving effect of the greeskoof 24% for the building with
concrete walls and 11% for the building withoutfrosulation.

The warming effect of the greenhouse in Figure 18.dlmost 3°C which is much

higher than the difference between the outdoor gregénhouse temperature for this
week shown in Figure 10.3. Also for the design withroof insulation the effect of

adding the greenhouse is clearly noticeable. Tlauation of the temperature effects
of the design type and the placement of the bugldinthe greenhouse will continue in
the next chapter.
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Figure 10.3 Temperatures in the building for chasmge the original design, with
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and without the greenhouse during the cold week.

The temperature effects are further discussed apteln 10.3 and the explanation of
why the buildings with equal U-value have differemiergy consumptions is given in
chapter 11.

To summarize the effects on the energy consumgtioheating it can be said that if
the greenhouse is going to have a positive effecthe energy consumption for
heating a design with high U-value shall be useddmuking at the comparison for the
energy used to heat the building (last row in Tdlfel) the original building is the
best. The energy consumption of the reference ingjls relatively low. To reduce it
heat recovery has to be used in the ventilatiotegys

10.3 Indoor temperatures for the different designs

Low energy use for heating is good but the buildimgsponse to warm outdoor
temperatures should also be considered when chlptsinmost suitable design. For
comfort, and energy saving if cooling is to be ysednay be worth considering a
slight increase in heating energy in order to avtigh indoor temperatures during
summer.

In this section first the indoor temperatures foe buildings inside the greenhouse
will be compared and second the effect of placihg different types in the
greenhouse. In Table 10.3 the monthly mean temyreiatin the building are listed
for the different designs with and without the suimding greenhouse. Those numbers
are used as the basis for Figure 10.4 and 10.5.

Table 10.3 Indoor temperatures for the differentsiges with and without
surrounding greenhouse

. No

Ref Ref Heavy Heavy Light Light Concrete) Conc NO ins

gh gh gh gh ins gh
Jan 7.7 8 8 7 6.3 5.1 4.2 57 4|9 57
Feb 7 6.7 7 5.9 7.5 5.3 2.7 41 46 55
Mar | 12.4| 12.2| 12.3 10.5| 127 9.4 5.9 8.1 88 10.2
Apr | 23.7| 23.1| 22.2 19.4| 24.3 184 12 15(4 176 2p.1
May | 33.8| 33.4| 33.8 29.8| 345 26.8 19.4 24,13 26.4 3p.3
Jun | 37.3 37.1| 37.3 33.7| 38.2 305 23 28|12 30.1 345
Jul | 40.2| 40.1| 40.2 36.4| 411 32.9 25.1 30,7 325 3.1
Aug | 36.2| 36.3| 36.6 33.1| 361 297 23.4 28l13 29.1 3p.9
Sep | 29.1 29 | 295 26.6 29 24 19.3 229 235 2%8
Oct | 21.3| 21.2| 21.7 194 204 17.2 14.5 16/9 16.8 1B.1
Nov | 12.9| 12.9| 13.2 11.8| 124 104 8.5 102 10 109.7
Dec| 7.1| 7.2 7.3 6.4 6.6 5.5 4.1 5.3 ) 55

10.3.ITemperatures for the designs in the greenhouse

Figure 10.4 shows the monthly mean temperatureghi@rdesigns when they are
placed inside the greenhouse.
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Figure 10.4 Indoor temperatures for the buildingghe greenhouse.

In the figure it can be seen that the referencklimg is the warmest and the concrete
building the coldest throughout the whole year.sTisi well in line with the results
from the energy comparison. It also shows thatdifference in temperature from the
original to the other buildings is larger duringreuer than during winter. Though the
concrete design in this thesis is very hypotheiicelearly shows what difference can
be obtained with different structures. The temperatlifference between the original
and the concrete design for July is more thafC10'he lightweight design, that
appears to be the second coldest design, had agyeimerease of 10% from the
reference case. The main reason to the loweredhtyomtean temperature for this
design is the lower temperature during nighttiméjclv can be comfortable during
summer; the daytime temperature is sometimes ctosbie reference building’s than
the one created in the heavy design. See Figugeh)0.

10.3.ZThe effect of placing the buildings in the greenhcae

As it has been seen in the section about energy, 4Bove, the greenhouse has
different effects on different buildings. Those lwhigh U-value get colder while the
other two get warmer. Figure 10.5 a) show the dbfiees in monthly mean
temperatures for the buildings placed in the greesb compared to standing alone,
TonTrer, While b) and c) show the differences for the rdsgigns during the warm
week.
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Figure 10.5 a)The difference in temperature for théerent building types when
they are place in the greenhouse or nog{(Tler). b) Temperatures for the buildings
with equal U-value with and without surrounding gnfiouse. c) Temperatures for
the buildings with higher U-values with and witheutrounding greenhouse.

Figure 10.5 a) shows that the original buildinghe building least affected by the
greenhouse and the lightweight the most affected.

In b) and c) as well as in Figure 10.1 and 10.Zah be seen that the indoor
temperature as well as the effect of the greenh@ugependent on the design type
rather than the U-value. The buildings’ walls realifferently to the changed
temperature due to the greenhouse and to the reduwftsolar radiation. The reason
for this is explained in the next chapter, but hierean be said that the lightweight
design reacts very distinctly to the solar radiat@md the reduction of it through the
greenhouse’s walls. The original and heavier stinest reactions are much smaller,
b). Also in c) the reactions to the reduced scdaiation are seen in the lower peaks
but here, as previously discussed, the increassurrounding temperature is the
dominating effect on the indoor temperature.

10.4 Summary/Conclusions of chapter 10

The erected building is the warmest which makeélsatmost energy efficient when it
comes to heating but it can also be very warm dusommer (if not enough
ventilation is used). It is also the building tyfer which the placement in the
greenhouse has almost no effect on temperaturethardfore also not on heating
demand. All the buildings with U-value equal to tbeginal building get cooled
almost throughout the whole year by the greenhaluseto the reduction of solar
energy through the greenhouse glass. This effeanast pronunciated for the
lightweight structure. The greenhouse heats thédings with higher U-values but
this is not enough to compensate for the transondsisses.
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11 Thermal effects of different wall constructions

This chapter contains an explanation of why therggneonsumption differs for the
buildings with equal U-value. In steady state clatians they would give the same
result according to equation 10.1 above. It alsplars the different shapes of the
temperature curves for the different buildings. delan extract of Table 10.2 is
shown.

Table 11.1  Energy consumption for heating diffeggigns with equal U-value

Ref Heavy| Light

Building

[kWh/m? year] 879 |87.1 |90.6
(kWh/year) (5535)| (5490) | (5710)
Building in greenhouse

[kWh/m? year] 88.6 |111.3 |96.8
(kWh/year) (5579)| (7011) | (6096)

11.1Heat flux on the inside of the walls for an outdoo
temperature rise of one degree

Figure 11.1 shows the heat flux on the inside efwkall when the temperature on the
outside is suddenly increased with one degree (06@1to 1°C). After the rise the
outside temperature is kept at one degree forabeaf the time period. Examined is
the effect this outdoor rise has on the temperatarthe inside of the wall. The indoor
temperature is kept constant at 0°C. The flux enitside is calculated as

U = (Toin = Tin )iy (11.1)
with Tn=0
qin = Tsinain (112)

showing that the flow on the inside will increasetlae inside temperature increases.

The temperature on the inside of the wall is depahdn the heat storage capacity of
the wall, which in its turn is dependent on the enats and the order in which they

are arranged. The heat storage capacity of a rahisrithe same as its ability to

absorb heat and this is dependent on the denbiythermal conductivity and the

specific heat capacity of the material. This gitlest even if the same amount of heat
is given to the walls different amounts of it wilé stored in the different walls. The

larger the heat storage capacity of the wall ther [the temperature change will be
noticed on the inside of the wall. l.e. the walkiwlarge heat storage capacity will

appear to be less conductive.
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Figure 11.1  Thermal behavior of the three diffengatl constructions.

The flux on the inside of the lightweight wall rsseery steeply in the beginning of the
time period, due to low heat storage capacity, aviiile other walls have a more
modest rise.

All the curves end at the same value, 0,22, whicthe U-value for the walls. This
shows that when the systems have become stablemMhegll have the same energy
flow. But since the temperatures in reality verjdeen stays constant these energy
storage abilities will be in use almost all the ginfor the heavier walls, either
absorbing or giving away heat, whilst the tempe®tn the inside of the lightweight
wall will vary quickly with the outdoor temperaturdnside a building with
lightweight walls a change in the outdoor tempematill be quickly noticed while it
may hardly be noticed at all in a heavy building.

In Figure 11.1 is seems like the original wall hasheavier behavior than the
traditional heavy wall even though it is made oliberated concrete. This is due to
the thickness of the wall. Changing it to corregpdn the heavy wall through

reducing the thickness of the aerated concreter llyyd 00mm and adding 117mm
insulation outside the concrete gives results aSigure 11.2 below. Now the more
intuitive result are obtained, with the heavy vwealthe slowest to react.
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Figure 11.2 The thermal behavior of the walls whiee thickness of the aerated
concrete is reduced to 10cm and insulation is usdshlance the U-value.

Thermal effects are also the explanation to they veifferent shapes of the
temperature curves for the buildings, with the cete building’s flat curve and the
lightweight designs steep changes, see for instaigeee 10.5 b) and c).
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12Results from LSA simulations and comparison of
the results to the detailed model

The LSA model is a quick and simple model compdcethe detailed one discussed
above. If the results from the LSA model are cluséhose of the detailed model the
LSA model can in many cases be used to give apmations of the energy demand
and indoor temperature.

The LSA-model was originally constructed in the ugbt that the air in the
greenhouse would function as insulation. Since effisct was negligible, see Chapter
9, the LSA is not especially suitable for buildingggreenhouses. Rather the opposite
unless the model is developed to take into conafaer the reduction of the solar
radiation through the transmittance of the greesb®uglass (which this one is not).
There is a chance though that the building itseknough insulated. Taking a quick
look at the criteria for LSA in equation 12.1 anderting V=151, A=108 ana=0.13
the result is thak for the building must be smaller or equal to 1#8#l since the
buildings maximum U-value is those for the glasstpaf 1,7 the criteria can be
considered fulfilled.(Hagentoft, 2001).

— <02
d (12.1)
Le=2%
A
A
d="

(¥

Starting by looking at the energy used for heaiimable 12.1 below it can be seen
that the LSA model overestimated the energy usetidating by 23%.

Table 12.1  Estimated energy consumption for thenhwdels

Energy consumptiofDifference from detaile
[KWh/m? year | model
(kWhlyear) [%0]
LSA
(With heat loads) 86.6 +23
(6615)
Building
(With heat loads) 70.8 /
(4462)

The explanation for this is found in Table 12.2 &igure 12.1 that show LSA-model
underestimates the temperatures visibly comparéuketdetailed model.

Table 12.2  Monthly mean temperatures indoors ferrttodels

Jan| Feb| Mar | Apr | May | June| July | Aug | Sept| Oct | Nov | Dec

Tsal°C] |3 4.9 194 |20.1|28.8/32.3|35.2|31.6|25.5|18.2|10.8/5.2

Tt [°C] | 7.7 |7 12.4|23.7|33.8|37.3|40.2| 36.2|29.1|21.3|129| 7.1
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13Summary and conclusions

The main aims of this report are to present thmatée in the greenhouse and the
building and to examine the effects the greenhtaseon the climate in the building,
both in terms of comfort and energy consumed fatihg. Summing up the results as
the answers to the questions posed in chapter Hefe divided into results/
conclusions for the greenhouse and results/comriador the building.

1. What will the climate in the greenhouse be ahdtyparameters affect it?

Here there is a conflict between the measured hadsimulated temperatures. The
measured temperatures reach as much 4 above the outdoor temperature, during
summer, while the difference for the simulated terapure never exceed$@ None

of the results are unfortunately very reliable; theasurements are made too close to
the wall, due to placement problems, and the sitimma are just simulations, with
their inherent problems. The combination of the @m#&sessments indicates that the
temperature inside the greenhouse, especially nmbowation with ventilation, never
gets unbearable. This is also in accordance wighawner’'s opinion. During the
winter the temperature in the greenhouse is closgkd outdoor temperature, showing
differences (warmer in the greenhouse) only forrbauith intense solar radiation.

The temperature in the greenhouse is visibly agfitdty the ventilation rate and the
size of the greenhouse (the temperature in geimenaases with the size). Sunscreens
inside the greenhouse do not reduce the tempersituze the glass and the frame is
still allowed to be heated and a lot of the soliation is still allowed to enter the
greenhouse. The orientation of the greenhouse $snall importance since the walls
are made of glass.

The relative humidity does not appear to be a @mbithe figures are rather insecure
but the greenhouse is not used for growing so mihitiadal water is added and the
ground is covered with a layer of capillary breakgravel.

For the greenhouse it would be beneficial to mage and better measurements of
both temperature and RH.

2. What will the climate in the building be, howeddhe greenhouse affect the indoor
climate and would another type of building designdnbeen better?

Both the measurements and the simulations show theatemperature inside the
building rises high during warm days (well aboveé@oth for measurements and
simulations). The building’s low U-value combinedtiwits glass areas makes it
easily affected by the intensity in the solar rédia It also makes the orientations of
the glass parts of the building important.

The sensitivity to solar energy causes the greesthém mainly have a cooling effect
of the indoor temperature since the energy in thar sadiation is reduced through the
greenhouse’s glass. For this type of buildingsitprobably considered a positive
effect during summer and a very slight disadvanthgeéng winter. In order to have
an energy saving effect of the placement in theegreuse the U-value must be
higher. But then the savings through the greenhsusearmer surrounding
temperature is not enough to compensate for thédibgs transmission losses
compared to having a lower U-value. A lightweigksdn with U-values equal to the
original is more affected by the solar radiatiod anrrounding temperature and hence
also more affected by the greenhouse while a hdasign with U-values equal to the
original is less affected by solar radiation ancbaant temperature. The lightweight
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structure has a more comfortable indoor temperaturgng summer but needs about
10% more heating energy during winter than thereefee building. The heavy
structure has a smoother temperature curve bus Eiseut 25% more energy than the
reference building.

The relative humidity in the building is sometingaste low but this is over all not a
problem.

The Lumped System Analysis model is not suitablieuitdings in greenhouses in the
sense that the greenhouse would be insulating éndtay the reference building in
this thesis the building itself is insulated enodighthe LSA assumption to be valid.
The LSA model underestimates the temperature ifbtilding compared to the main
model though leading to a deviation in estimateergy needed for heating of 23%.
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