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Experience from countries in warm climates has shown that the color of the roofing material has a significant effect on the energy consumption of the building. Especially changing from black to white roofing material provides reduction in energy consumption. The investigated roofs have been with a moderate amount of thermal insulation. 
The Danish Roofing Advisory Board in Denmark has conducted an analysis of the effects of roofing color on buildings energy consumption under Danish conditions i.e. with a colder climate and with a larger amount of thermal insulation. 
An experiment was performed in order to study the effects of the roofing color on the temperature distribution in a roof structure. The studied roof specimens were flat roofs covered with roofing felt in different colors. Temperatures have been measured in the roofing felt as well as in the middle and the bottom of the structure. The paper informs of the experiments and the achieved results. 
In the analysis consideration was taken to the insulation type as previous investigations have shown an effect from the heat capacity of the insulation material.
On the basis of the experiments and the analysis it is concluded that there are no significant advantages of using white roofing felt instead of dark under  Danish conditions in common buildings with active heating and passive cooling. Quite to the contrary it appears that dark roofing felts have significant advantages over white roofing felts. The results are discussed in the paper.
It should be mentioned that white roofing materials might be beneficial for poorly insulated buildings with high internal heat loads. In this case the white roofing might contribute to a reduced cooling. Also buildings with constant cooling demands or cold-storage plants etc. may benefit from white roofing instead of dark. It is discussed under which circumstances light colored roofing is beneficial.
Introduction
Six test set ups on an existing roof were constructed and placed on the roof of an office building in Denmark, see Figure 1. Measurement points in the respective test fields are positioned in three levels: Temperatures at the exterior (felt roofing) surface (x.3 and x.4), temperatures in the middle of the insulation layer (x.2) and temperatures between the interior surface of the insulation layer and the exterior surface of the concrete deck underneath (x.1). Two sensors are used on the surface to be sure results are obtained correctly. Temperatures have been logged twice every hour. The entire measurement period was approximately 18 months.
Size of test set ups
The size of the test set ups was chosen to ensure that the temperatures measured in a test set up were not affected by the disturbances present at the boundary zones. Based on the assumptions for the temperature differences over the roof the test set ups should be at least 750 x 750 mm. If the temperature differences over the roof construction should exceed the assumptions used for the test calculations, larger buffer zones would become necessary in order to ensure accurate measurements of the temperature distributions over the test set ups. For this reason, the test set ups have been constructed as being (at least) 900 x 900 mm.
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Figure 1. Test set ups atop the roof of an office building.
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Figure 2. Location of temperature sensors in test specimens. Roofing felt is placed directly on a substrate of mineral wool.
Theory
	Energy is exchanged through a construction between two environments, an interior and an exterior, by radiation, convection and conduction. The total amount of energy transported is the sum product of energy transported by these three mechanisms. How much energy it is possible to transport through a given construction by either of these mechanisms is largely determined by the design of the construction and the properties of material used. The physical environment around the construction also plays a role in determining how much energy it is possible to transport by radiation and convection and thereby also influences the overall thermal conductivity of the construction.
Absorptivity is an object’s ability to convert radiated energy into heat. Reflectance is the part of the radiated energy that is reflected away from the surface of an object. Transmittance is the part of the radiated energy that is transmitted through an object. Emissivity is an object's ability to convert stored heat into long-wave radiation.
Absorptivity, reflectance and transmittance are unit-less variables and are fractions of the total amount of radiated energy that is absorbed, reflected or transmitted through an object. The sum product of the three variables is 1. The amount of heat exchanged due to radiation is calculated by subtracting the sum of the emitted radiation from the sum of the absorbed radiation. 
Heat transfer by convection is due to heat transferred by air from leaks etc. 
For heat transfer by conductivity a distinction is made between stationary and transient heat flows. The transient heat flow, which accounts for a constructions ability to store heat, may vary from the stationary heat flow and therefore the energy consumptions derived from calculation of these different methods can vary significantly. Transient heat calculations can account for phase shifting, which is the delay of the peak temperature in a material or surface, when compared to the peak of the approximated sine curve that describes the exterior conditions. For this reason, transient heat transfer calculations can be of great interest. 
The stationary heat flow through a construction is calculated:


where the conductivity is calculated:



wherein h cond, si is the conductivity, Ti and Tsi are the temperatures in the room and on the interior roof surface respectively and d is the thickness of the thermal insulation. 
Energy Balance
An energy balance consists of contributions from the three forms of energy transmission: Conduction, convection and radiation. Heat is conducted through the materials that comprise the construction and heat is also transferred by convection and radiation at both the interior (si) and exterior surface (se) of the roof structure. In this project, it is assumed that convective and radiative heat transfers between the interior surfaces of the test fields and the indoor environment can be calculated with sufficient accuracy using standardized theory.
Considering the law of conservation of energy, the stationary energy balance describing the interactions between the interior, roof construction and exterior can be calculated using (1) – see above.
Energy Consumption
	As indicated, one of the main objectives of this project is to analyze the impact of the colour of a roof surface on a building’s energy consumption. As it can be seen from the stationary heat balance, the amount of heat that is exchanged between the interior environment and the interior roof surface is equal to the heat flow from the exterior roof surface to the interior roof surface. Since the construction of the roof and the temperature at the surfaces are known, it is possible to calculate the heat flow. 
	From the heat flow it is possible to calculate the energy exchange which in turn will allow for comparison between the different designs. Joined by the indexing of Figure 2 the heat flow can be calculated as: 


where the insulating capacity, hcond is calculated:



It should be noted that an outward heat flux (heat loss) is considered positive. 

The heat flow is converted into energy consumption (E) by multiplying the heat flow with the time period (Δt) over which the stationary heat flow has been taking place. Since temperatures have been logged every 30 minutes the time period becomes 1800 seconds.
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Figure 3: Illustration of fixed indoor temperatures at (x.2) throughout the year.

By substituting the temperatures logged at the concrete deck with a fixed value, a number of analytical advantages can be achieved. For example it is no longer necessary to consider the impact of the thermal indoor environment on the temperature distribution through the roof structure. The substitution also allows for a parametric analysis, where energy consumption is analyzed considering the variables of insulation thickness and type of roofing felt. The fixed indoor temperature is set at 20 °C during the heating season (August to April) and 24 °C in the summer period.
Data Processing
Fall-outs occur in the logging process. For this reason, there are instances where the datasets for the corresponding date and time are incomplete. In order to make comparisons between the different test fields, all data must be known. Therefore it was decided that all incomplete datasets were to be removed from the data pool. Most of the fall-outs have been isolated to single temperature measurements. However, there have been fall-outs of longer durations as stated beneath. 
August: Due to technical problems, there is no data for the period 16 - 31 August.
September: The measurement data from September 2011 was of such poor quality that they were substituted with data from September 2010. However, test field 4 (white-painted black felt roofing) was only first painted white 9th of September. Because of this, no data is available for the period 1 - 9 September.
Analysis
The six test fields have been analyzed and compared based on the measured data. The analysis is divided into four phases: 
· Surface Temperatures: A comparison of the measured surface temperatures; the summer and winter periods were examined separately. 
· Phase Shift: The vertical phase shifts have been assessed by comparing surface temperatures with the temperatures measured throughout the roof. An assessment of the impact of the phase shift on the indoor environment has also been made. 
· Energy Consumption: Heat flows through the roof structures and energy consumption for each test field are calculated, analysed and compared. 
· Hygrothermal Conditions: It is examined if the colour of a roofing felt has any bearing on the hygrothermal conditions in a roof construction. Black roofing felt is the standard type used in Denmark and has therefore been used as the reference type through the analysis.
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Figure 4. Surface temperatures of test specimens F3 and F4.
Surface Temperatures 
By comparing the exterior surface temperatures of the test fields it is possible to obtain some insight into how the different types of roofing felt are affected by their surroundings. A simple analysis of the underlying rooms’ energy consumption is made by comparing the logged surface temperatures. For example, a surface heated by the sun will have a lower heat loss during cold periods and a cool surface will help lower the cooling loads during warm periods.
Figure 4 shows the surface temperatures of F3 (black felt roofing) and F4 (white-painted black felt roofing). The black roofing felt has the highest surface temperatures. In order to examine the lower spectrum of the surface temperatures better, smaller time intervals of one week are used.














Figure 5. Exterior surface temperatures for the first week of August.
Summer Season
	Figure 5 shows the exterior surface temperatures logged during the first week of August. It can be seen that the test field with black roofing felt (F3) reach the highest surface temperatures with peaks of about 70 °C. Five out six of the test fields have identical surface temperatures during night time. Only the test field with roofing felt covered in white foil (F5) stands out from the other test fields by displaying an increase in temperature around midnight. Roofing felt covered in white foil (F5) also displays the lowest measured surface temperatures during daytime. The explanation is that the white foil reduces the amount of radiated energy that is exchanged between the surface and its surroundings. F5 being white would have a higher reflectance than the darker roofing felt materials. Roofing felt, being an opaque material, has a low transmittance and an increase in reflectance would therefore result in a lower absorptivity which in turn would mean that a smaller fraction of the irradiated solar energy would be stored in the test field. The result is the observed lower surface temperatures in F5 during the daytime. 
	At 	nighttime emissivity becomes the dominant material property and surface temperatures for all test fields become equal some time before midnight. That F5 have higher surface temperatures during nighttime could indicate that the white foil has a lower emissivity than the other materials. That all other test fields have similar temperatures indicates that they all have similar emissivities. A lower emissivity will result in less energy radiated away from the structure in cool periods and this could help reduce the overall energy loss through the roof structure.
That F5 has its lowest temperatures just prior to midnight may seem counter intuitive. It is believed that this drop in surface temperature is due to the energy demanding process of evaporating dew that would have condensed in the early hours of the night. 
Winter Season
	For the first week in January all test fields had the same surface temperatures possibly because all test fields are covered in snow. For this reason, the first week of February was chosen for analysis. The apparent tendencies are the same for the winter season as they are for the summer season, with the difference that the variations in test field surface temperatures are smaller in the winter period. This is due to the lower amount of radiant energy emitted from the sun to the test fields during the darker and colder winter.
Sub-conclusion
	The test fields display the same trends in both the summer and winter seasons. The test fields can be ranked according to their surface temperatures. Starting with the warmest:
· Black felt roofing (F3)
· White felt roofing (F2)
· White felt roofing (F1)
· Greyish-white felt roofing with TiO (F6)
· White-painted black felt roofing (F4)
· Felt roofing covered in white foil (F5)
Phase Shift
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Figure 6. Phase shift of temperatures at x.2 and x.4 for test specimens F3 and F4.

	A building material’s heat capacity is what causes a vertical phase shift in a construction. The temperature development in the test fields can be approximated using a sine curve. The phase shift is the amount of horizontal displacement of the sine curve’s top point. Figure 6 are excerpts of summer season measurements from the exterior surfaces and the centre of the insulation layers in test specimens F3 and F4. The peak exterior surface temperature is around 14:00 whereas the peak temperatures in the centre of the insulation layers are delayed by some five hours. This delay is the phase shift. There is a 2-4 °C difference between the temperature in the insulation layer centres in F3 and F4 throughout the period. The black F3 is consistently warmer than the white-painted F4. In the winter season there is a 2-3 °C temperature difference between the insulation layer centres in F3 and F4. In winter, however, white-painted F4 was logged as having a higher temperature at x.2. This data is surprising as the measured exterior surface temperatures of black F3 are higher during the day than those of the white-painted F4. A reason for the temperature difference could not be found in the logged night time temperature data since there is no significant difference between the exterior surface temperatures at night. It is assumed that the data is a product of general measurement inaccuracies that occur in the experimental setup. 
Energy consumption
This section presents the analysis of the relationships between roofing felt types and energy consumption. The analysis was carried out under the assumption that indoor temperatures can be described with fixed values; 24 °C in the summer season from May to August and 20 °C during the rest of the year. Also, heat flows have been categorized into two groups: Gains – i.e. energy gained through the roof due to radiation from the sun - and Losses – i.e. energy lost through the roof. This can be illustrated as in Figure 7 that shows the gains distributed over the months of the year. The grey areas in figure 7 represent the heating season which is the time of year where energy gains are assumed to have a positive effect on the energy consumption of a building. The losses and gains are calculated from the measured temperatures and for the roof construction having a U-value of 0.194 W/m2K - equivalent of 180 mm class 35 mineral wool.
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Figure 7. Accumulated energy gains over the year. The grey areas shows the normal heating season.

Figure 7 shows that there are periods with energy gains in the heating season (the grey areas). An energy gain in the heating season compensates for an energy loss, and the energy gains in the heating season can thus be subtracted from the energy losses i.e. the energy consumption is reduced. Similarly outside the heating season an energy loss compensates for an energy gain and therefore the energy losses from outside the heating season can be subtracted from the energy gains i.e. the need for cooling is reduced. Figure 8 shows the summation of all energy gains and losses over the entire period. It can be seen that the amount of energy needed for heating is far greater than the amount of energy needed for cooling. The black roofing felt (F3) experiences the least heat loss for the entire period but at the same time has the highest energy gain. The heat gains for the white-painted black (F4) and the white foil covered (F5) roofing felts are nearly non-existent whereas their heat losses are the largest in the test group.
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Figure 8. Accumulated energy gains and losses for the entire period of heating and cooling respectively.
The Thermal Resistance’s Impact on Energy Consumption
The higher the thermal resistance of the roof is, the smaller the impact of the ambient (exterior) environment will be on the indoor thermal environment. This is much the same as saying, that the material properties of the roofing felt will have their largest impact on the indoor environment, when the thermal resistance of the roof construction is low.
In order to analyse the effect of the thermal resistance of the roof, energy gains and losses have been calculated for two different thermal resistances equal to 180 mm and 360 mm class 35 mineral wool insulation layer respectively. The results show that by using a black roofing felt (F3) instead of a felt covered in white foil (F5) it is possible to save about 5 kWh/m2/year for a roof construction with 180 mm mineral wool insulation layer. Similarly it is possible to save about 2 kWh/m2/year for a construction with 360 mm insulation. The tendencies are the same for the energy gains: By doubling the thermal resistance, it is possible to reduce the energy gains by about half.
Energy Consumption for Cooling
	For the calculations it has been assumed that for every 1 kWh of cooling that is needed, it costs 1.5 kWh. The reason is that producing 1 kWh electric energy as used for cooling demands 1.5 kWh of other forms of energy. That is, every kWh of negative energy gain i.e. unwanted energy gain in the cooling season, cf. figure 7, has been counted as 1.5 kWh in the calculated total energy consumption. The calculations show that the resultant energy consumption of the dark roofs rises as these have the largest cooling load. However, the energy consumption of the black (F3) felt roof is equal to those of the white (F1, F2) roofs, even when the roofing insulation is calculated as poor with an insulation layer of 100 mm mineral wool. Also, the black (F3) roof consistently outperforms the white-painted black (F4), the felt roof covered in white foil (F5) and the greyish-white felt with titanium oxide, although only marginally. Considering heavily insulated roof structures, roofing felt materials cannot be said to have a significant effect on the calculated total energy consumptions.
Hygrothermal Conditions
	The hygrothermal conditions in the test set ups are affected by the temperature distributions over the roof structures. It is known that the roofing material can have a significant impact on the temperatures present in roof structures and thereby may have an influence on the hygrothermal performance of a roof construction. 
To supplement the investigation with energy a simulation of hygrothermal conditions in 2 commonly used roof constructions were made. Simulations were performed in order to assess the possible impact of the roofing felt type on the hygrothermal conditions. Note that the purpose of these simulations are different from the objective of the investigations discussed above and also the roof constructions are different. The simulations were performed in the simulation program MATCH. The roofs were made as follows:

· 8 mm roofing felt – black felt in one construction and white in the other
· 19 mm plywood
· 200 mm insulation
· 1 mm Hygrodiode (brand of moisture adaptive vapour barrier)
· 12 mm gypsum board
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Figure 9. Exterior surface temperatures of roof construction as simulated in MATCH
The constructions are identical in except for the colour of the roofing felt. The simulations have been run using the (Danish) Design Reference Year (DRY) weather data and the MATCH standard indoor hydrothermal environment. The calculated results are presented in figures 9 and 10. Figure 9 shows the calculated surface temperatures for the two roofing felt types. The black roofing felt can be seen to have significantly higher calculated surface temperatures than the white felt type. Since the simulation results display the same tendencies as those that have been previously observed, it is assessed that the simulation results is of such a quality that they can be used for this analysis. 
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Figure 10. Calculation of moisture content in roof construction as simulated with MATCH.

Figure 10 shows the calculated moisture content over time in the plywood in the simulated roof constructions. The simulation shows that the white roof construction is having a continuous moisture build-up throughout the simulated period and as being comparatively wet. The black roof construction can be seen to have periods of moisture build-ups and periods of drying out. It stays comparatively dry throughout the simulated period. From the simulations it can be seen that some moisture related problems might be avoided when using a black felt roofing material instead of a white felt roofing material.
Conclusion
	Based on the analysis, it can be concluded that the energy loss for a roof construction with a dark roofing felt is significantly lower than that of a roof construction with a white roofing felt.
Likewise, it can be concluded that if natural (i.e. passive) cooling is sufficient to condition the indoor environment during the warm season, a dark roofing felt will result in the lowest energy consumption.
Based on the analysis, it can be concluded that a roof surface’s reflectivity, emissivity and absorptivity are of great importance for a roof construction’s surface temperature. A dark roofing felt will reach much higher surface temperatures during periods with solar irradiation than a white roofing felt. 
With regards to the roofing felt’s influence on the amount of energy that is used for heating and cooling, it can be concluded that the energy consumption is lowered with increasing thermal resistances. For a building using active cooling the difference in energy consumption between the best and worst performing roofing felts is about 3 kWh/m2/year in a roof construction with 100 mm class 35 mineral wool. For a roof construction with 360 mm class 35 mineral wool, the same difference is only about 1 kWh/m2/year. 
It can also from simulations (another roof construction) be concluded that there may be unintended consequences by using a white roof covering under Danish weather conditions, since the requirements for the use of certain standard building products might no longer be met. An example of this is roof elements with moisture adaptive vapour barrier, e.g. the Hygrodiode used in the simulations described in the previous section, where low roof surface temperatures made the Hygrodiode unable to do its job and thereby caused a continuous moisture build-up in the roof construction.
[bookmark: _GoBack]Overall, it can be concluded that there are no significant advantages of using a white roofing felt instead of a dark under Danish conditions in common buildings with active heating and passive cooling. Quite to the contrary, it has been shown that using a dark roofing felt on buildings with passive cooling has significant advantages over the use of a white roofing felt.
However, it should be mentioned that a white roofing felt may be beneficial on buildings with high internal heat loads and a poorly insulated roofs. In these situations, the white roof surface could be beneficial in achieving a reduced cooling load. Buildings with a permanent cooling demand and industrial freezers could also be expected to be among the types of buildings that could benefit from the use of a white roofing felt instead of a dark roofing felt.
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