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Abstract

This paper presents the results of a study aimetkwatloping an Italian database of Typical Metengidal

Year (TMY) for the global and diffuse outdoor illimance, starting from solar irradiation measurememd
luminous efficacy models. The main objective iptovide reliable climatic data to be used for thgreation of
the daylight availability in buildings and preditte energy requirements for electric lighting whtgher
accuracy than the actual relevant standard. ENBAIdped the national solar radiation atlas durimg past
years, implementing validated models to predictglubal, direct and diffuse irradiation, startimgrh satellite
remote sensing. For this study, the most relewanirious efficacy models were applied to develagmihance
TMY starting from solar irradiation data. llluminaa availability curves were developed for threeemefice
localities of the Italian territory (Milan, Rome alrmo), highlighting how results can be used tdvdethe
potential contribution of daylight for buildings engy applications. In order to verify the resultstained, a
ground measurements compaign of the outdoor illange, was started to test the effectiveness of mdidee

first data processed, show low differences betvestimated values and measured data, confirmingatdity

of selected model.
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1. Introduction

The building sector is responsible for more tha#b4tf the energy end uses in Europe and plays saedeole

to reach the environmental and energy targetsatiomal and European policies [1,2,3]. It is alsocagnized
that the energy performances of building shouldatidressed to the whole energy services, and ngttbal
space heating as happened in the past decadeR¢vant studies carried out during the past years
demonstrated the impact of the electric lightingtbe energy uses in buildings. The figures areiqadatrly
relevant for the not residential buildings: 14%tbé total consumption in EU, 26% in USA [5,6]. Audy
carried out recently in Spain set in 31% the sloétbe electricity uses on the total final demand@¢dmmercial
buildings [7]. As a consequence, the energy savimgsis energy service are found to be highly cetitive in
technical and economical perspective [8]. A relévaotential hence exist to improve the performante
existing and new building in terms of lighting egyeuses.

It has to be noted that potential energy savingsoften estimated in terms of higher efficiencythaf electrical
devices (lamps, luminaries, control sensors antesy® more than exploiting the daylighting potdiites by
the implementation of advanced strategy and saistid he reference document in EU for the assessafent
lighting requirements in building is the EN stardi&nergy performance of Buildings. Energy requiretador
lighting, which provides an operational method amb calculation methods, different in accuracy and
complexity [9]. However, the reliability of the mhetion methods needs to be carefully addressede sihe
over/underestimation of the consumption respecth® practice is an obstacle to the technology shrea
especially in the nearly zero energy building (nZEBion.

A critical issue is the assessment of the dayligiritribution, which does not take into account thienatic
conditions of the investigated locality. The Dalighutonomy concept emerged in the past years laganet
metric to assess the daylighting contribution aasl,a consequence, potential energy savings thatean
achieved in buildings for the electric lighting wee [10, 11]. Climate based approaches are geittitegest for
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daylighting design methods, as described in [12je Bpproach is also adopted in the implementatfoano
Italian alternative method is currently on going]jl1whose main objective is merging the climateeoas
daylighting with the calculation flux defined in][9

The alternative method evidences the importanaelwist and reliable climatic data, in this casebglpdirect
and diffuse illuminance. This paper presents thst fiesults of a review work aimed at developingnational
atlas for outdoor illuminance data for building Apgtions.

2. Objective and method

ENEA has defined an extensive database of houtlyegeof radiometric quantities: global horizontahdiance
(Igh), diffuse horizontal irradiance (Idh) and QiteNormal Irradiance (Idn) for any ltalian site,vieabeen
derived by processing satellite data [14,15,16drdyided by the EUMETSAT [18]. Advantages of satell
based data respect to ground measurements maipgndeof the fact that the latter are taken on ateiin
number of stations, while the former can be derivedccurately geo-referenced, for any localitytbe earth
surface. Satellite images provide a measure ofréfection coefficient (albedo) of the planet sgdaat the
switch instant. The algorithms developed by ENE&sddl on the original idea of D. Cano et al. [1®8mpare
the actual albedo with a reference one and corlerdifference into a clearness index, used tovddhie Igh.
The application of additional empirical models loé tatmosphere [20,21] allows to split Igh in itsnpmnents:
direct and diffuse. The results of the zoning a&f #olar radiation in Italy are published in theasahdiation
atlas published by ENEA [14], which is going to lggdated so to cover a 10 years observation per@D6-
2015).

Core of this study is the use of radiometric quattito derive correspondent photometric quantitiesrder to
build illuminance typical reference years to beduseassess the lighting performance of buildihigkas to be
noted that radiometric and the photometric quaasitire closely related, as the former measureneye and
the power of electromagnetic radiations, whiledattanslate the same energy or power in termssdile light,
linked to the physiological ability of the humaneeySince very few data, based either on groundatailge
measurements, are available to build illuminanderemce years, empirical models were implementéesé
models express the luminous efficacy of the scdaiation (ratio of the illuminance on the irradieh@s a
function of variables that describe the sky condsi and the and the solar zenithal ar@geclearness index
KT, diffuse to global radiation ratio k, "clearnéssd/or "brightness" indexes. Non general modedshose not
implementing all the radiation components or thimsplemented for specific orientations, were notetaknto
account. In the this study some of most relevantdet® were taken into account and from in
[22,23,24,25,26,27]. From now on selected models v identified by the main author of the abovadd
references.

e Cucumo model, calibrated by irradiance and illumoemeasurements at Arcavacata di Rende (CS),
Italy [22].It is the simplest model of correlatiobased on the direct proportionality between outdoo
illuminance and irradiances.

« Muneer model, based in measurements taken in fi¢elddalities, taken in the last decade of the
previous century [23]. Itis a

* relatively simple model that doesn’t consider ¢therent position of the sun and assumes the lunsinou
efficacy expressed by polynomial equation linkedh® only global transmission and the poliynomial
coefficients derived by statistical regression.

» Perez model. Based on measurements taken in 108/ European localities for periods ranging
from few months up to 3 years. The model takes &mtwount also the atmospheric precipitable water
or, alternatively, the dew point temperature [28he irradiance not directly appear in the model
expressions, but are combined with extra atmospheradiance, in specific indices: Perez's sky
clearness index and Perez sky's brightness indexniodel also takes into account the position ef th
sun through the zenithal angle. In the Perez sfiadlimodel, the hourly data of dew points are
replaced with a daily mean value, constant foittadl year. This simplification was introduced tottes
the impact of the parameter on the model accurbejng often the dew point data of difficult
availability
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* Robledo models, based on historical series of m@@sured in 1994/95 in Madrid, Spain [25,26,27].

The Robledo and Soler models are as accurate &etee one, since they take into account the ssitigqoand
the sky’s brightness and, at the same time, théymeed few coefficients. Several models were dgpyadl as a
function of different sky conditions: clear sky,riha cloudy and overcast sky. Furthermore simptifimodels
are available to consider any weather conditions.

Outdoor illuminance time series database were blils starting from an extensive solar irradiattime series
database and luminous efficacy models. The timesevere, next, used to develop a hourly based TMY
(Typical Meteorological Year). The adopted critenas to select, for each month of the year, acesiplete
month, among those available in the multi-yearesenivhich best fitted the average of the multi-ydaasets
related to the specific month. This approach all&aeping the average values on the long term atothiog the
short term variability of the analyzed quantity,iitgakes place in the reality. Reference monthseveelected
using GHI as driving parameter, being the quartitgctly derived from the satellite image.

TMYs were implemented for the following quantitiggobal horizontal (Egh), diffuse horizontal (Edé)d
direct-normal illuminance (Edn), as done in thetfasthe solar irradiation. The TMY were develogedthree
reference localities:

e Milan, latitude 45°N, climatic conditions charadstics of the northern Italian regions.
 Rome, Latitude 41°N, climatic conditions charadtcs of the central Italian regions.

« Palermo, 38°N, climatic conditions characterist€she southern Italian regions.

This preliminary exercise has also the objectivemaidel calibration and/or adjustment by comparisgthn
ground measured data as next step. A total of 15§ Mas developed, including 3 localities and 5edight
luminous efficacy models, having introduced a derisi test on water content in model [22]. The THY
implemented with the different models, were comgdmassess coherence among them and their sitjtaivil
providing reliable data to predict energy requiratrfer lighting in buildings.

The comparisons were made for all models, withregfee to the three locations and two lighting qitigst
(global and diffuse illuminance). The diagrams gse$ and the approach indices show minimal diffexerof
each model compared to any other. It is worth mptirat for each model a very good agreement wasdféor
the global luminous efficacy, while higher discrepi@s were found for the diffuse luminous efficadis
topic, which needs deeper analyses, might be tetatselective phenomena related to the spects#ilaition
of the solar radiation under variable sky condiion

3. Calculation

Once the TMYs were developed, calculations wereierarout to check and compare the different lumgou
efficacy models. A preliminary check was carried far the Perez model, with the objective of quignthe
impact of the simplification introduced in the pi@ys section. The TMYs of the three localities fbe
simplified Perez model were implemented taking exdtcount a constant dew point temperature Td (A0.fr
Rome, 9.4 °C for Milan, 11.4 °C for Palermo). Relpt/ statistical parameters were calculated to dfyathis
assumption, namely: the Bias (or Mean Bias ErroBBY the Mean Bias Error Percent (MBE%) and Root
Mean Squared Error Percent (RMSE%), defined asvioll
MBE RMSE

MBE% = - x100 RMSE% = ——x10
Mean of observations Mean of observations

in this case thedbservations' are the Perez standard model values, considerbdrachmark.

Calculation were carried out for the three locatitias an example for Rome (Tab. 1). It resulteBEM -155
Ix; MBE% = -0.4 % e RMSE% = 1.3 %. The test wasiedrout for Rome also using extreme dew point&slu
(Tab. 2), -13 °C and +22 °C. Negligible differenagsre found, in relation to the accuracy required the
purpose of the study.
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Tab. 1: Comparisons simplified (max, min and average dew point) and standard Perez model. City: Rome

Model Ilum. | MBE[Ix] | MBE% | RMSE][IX] | RMSE % Mean [IX]
Global -155 -0.4 531 1.3 42410
Perez with Dew point by oo | 5 03 297 1.8 16645
average = 10.3 °C
Direct -33 -0.1 627 15 40889
Global -928 -2.2 1444 3.4 42410
Perez with Dew point ry oo | 519 3.1 770 46 16645
min =-13.3 °C
Direct 938 1.0 1608 3.9 40889
Global 1062 25 1529 3.6 42410
Perez with Dew pointl e o | 6g3 41 970 5.8 16645
max =22 °C
Direct -724 -1.8 2051 5.0 40889
Tab. 2: Comparisons of smplified (average Dew Point) Perez model for different cities
Model Iflum. | MBE[IX] | MBE% | RMSE[IX] | RMSE % Mean [IX]
. Global -223 -0.6 601 1.6 37657
Milan
Perez with Dew point Diffuse -136 -0.8 397 2.5 16151
average = 9.4 °C .
Direct 87 0.3 762 2.2 34525
Global -155 -0.4 531 1.3 42410
Rome
Perez with Dew point Diffuse -52 -0.3 297 1.8 16645
average = 10.3 °C }
Direct -33 -0.1 627 15 40889
Global -175 -0.4 618 1.4 45653
Palermo
Perez with Dew point Diffuse =77 -04 373 2.1 17963
average =11.4 °C )
Direct 19 0.0 745 1.8 41779

According to the above tables it can be inferreddtight impact of the hourly dew point data on final form
of the luminous efficacy model, thus the simplifieddel was selected for the final comparison. Baoldel was
compared versus the other three ones in the negt #tn example is provided in figure 1, where apbieal
comparison between two models is promptly achidosedcatter plots.

According to the approach index calculated fottel comparisons, it was found that differences agmoodels
are small. The calculation exercise led to thel fiteision of applying the Robledo model to buhé ftalian TMY
illuminance database. In table 3 the comparisothefTMYs built using Robledo versus the TMYs basedthe
other model is presents by means of relevant Staitiglicators
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Fig. 1 Global illuminance values (Egh, in Ix) of a typical year -town of Rome -comparison between two models

Tab.3 Comparisonswith the Robledo model. City Rome

M odel lum. | MBE[IX] | MBE% | RMSE[IX] | RMSE% | Mean[lx]
Global -345 -0.8 1183 2.8 42770
Perez standard Diffuse -1052 -5.9 1811 10.2 17700
Direct 788 2.0 2192 55 40115
Global -500 -1.2 1095 2.6 42770
PZ{/‘Zﬁ{;"’gi;h:Dle(‘)"_’sp?é”t Diffuse |  -1104 6.2 1830 103 17700
Direct 755 1.9 1965 4.9 40115
Global -492 -1.2 1348 3.2 42770
Cucumo Diffuse -3117 -17.6 3540 20.0 17700
Direct 5007 12.5 5878 14.4 40115
Global 1295 3.0 2160 5.0 42770
Muneer Diffuse -1606 9.1 2143 12.1 17700
Direct 4989 12.4 6380 15.9 40115

The Robledo model takes into account the sun posénd the sky brightness, factors influencingltimeinous
efficacy, however the model is expressed in a camf@m and do not takes into account the dew point
temperature, figure of difficult availability. ThRobledo model, here reported for clarity, is baspdn the
following equation set [25,26,27] :
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Ny, =(91.0TA ) ImW*
e :(134-21(1 co8,)”Dexp- 0.0045 969))[ 1645 o.m)j Imw* (eq. 1)
T =/ (1K) 77K

Where:

1 luminous efficacy;

0z zenith angle

A sky brightness index:
dh diffuse horizontal

bn direct normal

gh global horizontal

4. Results and Applications

The results following presented refer to the TMifgplementing the Robledo model. Figure 2 and 3 prtetbe
results of irradiance and illuminance availability the global and diffuse quantities. The curvefer to the
city of Rome, selected as exemplary locality faity, nevertheless similar results were foundHatermo and
Milano. The radiometric and photometric quantitaae expressed in relative figure (%) respect topbak
value to get rid of the different units and compidue profiles on the same graph.

Irradiance and illuminance availability:
comparison of global components Igh -Egh
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Fig. 2. Comparison of global irradiance |gh and global illuminance Egh
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Irradiance and llluminance availability:
comparison of diffuse components Idh-Edh
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Fig. 3. Comparison of diffuseirradiance |dh and diffuse illuminance Edh

It is interesting to note that global quantitieewhsimilar trends, conversely corresponding diffusenponents
present a different behavior: trends are simildnigh and very low relative values, but they shosigmificant
deviation between 20% and 40% of such values.

This behavior evidences luminous efficacy variatiomhich needs further investigation. At the préstage, it
can be noted that the luminous efficacy modelssaki® account the total solar irradiation, withocahsidering
changes in the spectral distribution arising froiffecent sky conditions. Since daylighting metriase the
diffuse illuminance as driving climatic parametire latter is following used to present some respittentially
relevant for building applications. Figure 3 prasean application of the implemented TMYs: the ub#
illuminance availability in the three referencedbiies considering the hours from dawn to dusk.
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Fig. 4. Diffuse llluminance availability M1-RM-PA -dawn to dusk-

As expected due its lower latitude, Palermo, hé&eegreater outdoor illuminance availability. Thétlede, on
the other side, does not explain the result achiémeRome and Milan. The two curves are very cloespite a
latitude difference of about 4°, intersections ladwet 18000 and 21000 lux. This behaviour, which da&gpical
summer occurrence, is mainly due to the other higheger and aerosol content in the Milan regionjciwh
increases the diffuse components of the solariatiath respect to the direct one.
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Other operative results, derived by the illuminamdéYs, are presented in figures 4 and 5. The forpresents
the monthly mean diffuse illuminance for the thisdected zones, these results are useful to andéhgze
seasonal variations of the daylight availabilitgaddress lighting solution for new and existingdings, once
operation times (8-18 in the example in figure) &mdbor visual tasks are defined. Figure 5 prespossible
manipulations of the TMYs to provide data tailoreedthe building needs. The two plots report thdudig
illuminance availability for the case of Rome fawtdifferent time usage: from dawn to dusk andtfier 08:00-
16:00 schedule, which is typical as an exampldtidian schools. Holidays and festivities are egeld in the
working hours count.

Diffuse Illuminance availability E,
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Fig. 5. Edh monthly average values M1-RM-PA operating time 8-18

Comparison of llluminance availability Edh
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Fig. 5. Edh availability in Rome. Comparison: dawn to dusk and school building with operating time 8-16
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5. Validation of model

In order to verify the results obtained, a groungasurements campaign was started in three diffétaign
sites, Milan, Rome and Lampedusa, to test the @ffatess of model, taking into account differenitlaes of
Italian territory (Tab 4). The scatter plots arpaded figs. 6-7

Tab. 4: Measurements station sites

Site Coordinates M easur ement Sampling time
[1x] El
Lampedusaisland| 35°30.0'N 12° 36.5|E Egh 10

Rome 42° 025N 12°18.4' K Egh, Edh 10
Milan 45°27.9'N 9°11.3'E Egh, Edh 10
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Fig. 6. Comparison: estimated (Robledo model) and measured data for Egh, Rome
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Fig. 7. Comparison: estimated (Robledo model) and measured data for Edh, Rome
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The first data processed, for Rome (figs. 6-7) wskth low differences between estimated values (R&8eat)
for Global (Egh) and Diffuse (Edh) illuminance améasured data. The findings have been confirmedlues

of statistical indicators, MBE and RMSE, evaluafedboth components. The measurements campaidillis s
ongoing and the further data, related to the offites selected (Milan and Lampedusa) will allowg&t an
overall validation of model for Italian territory.

6. Conclusions

This paper presented preliminary studies for treparation of a national atlas of illuminance datauilding
applications. Relevant models of luminous efficatarting from solar radiation data were screenedyder to
find the most suitable solution, in terms of aceyrand availability of the relevant input paramster

Different illuminance hourly TMYs where hence buibhd comparisons were carried out in terms of dayli
availability and autonomy. Discrepancies of the msisdin reproducing the diffuse component of the
photometric quantities were highlighted. A referemoodel for the future national database was ssleahd
compared with first land measurements data.

Preliminary results were presented to show howdtita could be used for building applications. Ferttests
are ongoing to check, with ground measurementsat¢baracy of the luminous efficacy models and axeht
introduce refinements and adjustments. Final stepsestablish outdoor illuminance availability gfiams for
main Italian towns for different operating timesiapiot Italian Daylight maps.
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