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We present the design and characterization of a high flux solar
simulator (HFSS) based on metal halide lamps and built from
commercially available components. The HFSS that we present
was developed to support the evaluation of a solar thermochemi-
cal reactor prototype. The HFSS consists of an array of four inde-
pendent lamp/reflector modules aimed at a common target
location. Each module contains one 2500 We lamp and one elec-
troformed ellipsoidal reflector having an interfocal distance of
813 mm. The modules are oriented with an angle relative to the
target surface normal vector of 24.5 deg. Design simulations pre-
dicted that the peak flux of this HFSS would be 2980 kWth/m2,
with a total power delivered to a 6-cm target of 3.3 kWth, for a
transfer efficiency of 33.3%. Experimental characterization of
the HFSS using optical flux mapping and calorimetry showed that
the peak flux at the focal plane reached 28906170 kWth/m2, while
the total power delivered was 3.560.21 kWth for a transfer effi-
ciency of 35.3%. The HFSS was built at a material cost of
�$2700.00/module and a total hardware cost of �$11,000.00 for
the four-lamp array. A seven-lamp version of this HFSS is pre-
dicted to deliver 5.6 kWth to a 6 cm diameter target at a peak flux
of 4900 kWth/m2 at a hardware cost of �$19,000.00 ($3400.00/
kWth delivered, $1100.00/kWe). [DOI: 10.1115/1.4039658]
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Introduction

Solar simulators are used in the research and development of new
solar energy technologies, as well as in the study of novel materials
for service in harsh environments [1]. Rather than building full-scale
prototypes for on-sun testing, solar simulators are used to evaluate
new technologies under controlled conditions at a smaller scale and
for extended duration (e.g., 24/7 operation). There are two types of
solar simulators commonly used in solar energy research and devel-
opment. In the first case, a low-flux simulator is used to approximate
normal sun (one sun) conditions in support of the evaluation of pho-
tovoltaic cells and solar heating systems. These systems attempt to
apply a uniform flux to the test article and to closely match the solar
spectrum (e.g., AM 1.5). Another type of simulator is used in the
development of concentrating solar power systems. These are called

high-flux solar simulators (HFSS) and are the focus of this work.
They typically use one or more ellipsoidal reflectors to focus light
from short-arc lamps to produce a beam of light that replicates
focused solar energy. The beam is typically aimed at a target located
at the focus of the reflector array, and hence the highest level of light
concentration. It is important for the output from an HFSS to match
the total power delivered and flux distribution expected from the
full-scale solar concentrator, and somewhat less important to match
the solar emission spectrum. These devices serve primarily to con-
centrate light, sometimes to over several thousand times the normal
solar irradiance of 1000 W/m2 [2].

In operation, electrical power is provided to the lamp by an elec-
tronic ballast. The primary role of the ballast is to actively manage
the power flow to the lamp during ignition and during steady opera-
tion; most ballasts allow for the modulation of output power down
to about 60% of full capacity. Power is routed through the ignitor,
and, during ignition, this device serves to provide a high voltage
(�5 kV) pulse to the lamp to initiate the arc. Once the arc is estab-
lished the voltage drops to �100 V. Most metal halide lamps are
designed to be attached to a housing using a lamp holder. These
devices are designed to provide electrical isolation from other sys-
tem components up to a voltage equal to the anticipated ignition
voltage. Cooling of the lamp is often needed to maintain a safe
“pinch” temperature at the interface between the lamp and the lamp
holder. This may be provided with a fan, or more locally with com-
pressed air.

The radiant output from each lamp is reflected by the truncated
ellipsoidal mirror and focused to the target plane that is typically
positioned at a distance on the order of 1 m from the center of the
lamp. Only a small fraction, 20–40%, of the electric power sent to
the lamp by the ballast arrives at the target as focused, radiant
power. The remaining 60–80% of the energy is either absorbed
by components in the system or scattered away from the target.
Ekman et al. provide a detailed discussion of the energy losses
within a metal halide solar simulator [3].

There are many HFSSs of various sizes and configurations in use
around the world [4,5]. In general, the majority of these systems
utilize Xe arc lamps as the source of radiant power. Xe lamps are
advantageous in that they generally have short arc lengths (<7 mm
out to a power level of 5 kWe) enabling relatively high concentra-
tion at the target plane compared to metal halide lamps having rela-
tively longer arcs (7–25 mm out to 5 kWe). Both Ekman et al. and
Roba and Siegel provide a detailed discussion on the relationship
between arc size and concentration ratio [3,6]. In recent years, sev-
eral solar simulators using metal halide lamps have been built to
take advantage of the relatively lower cost of these lamps and the
somewhat better match to the solar spectrum [7,8]. While these sys-
tems are typically smaller in size, with respect to electric power rat-
ing, than their Xe counterparts, they can be designed to deliver
several kilowatts of radiant power to the target plane and achieve
peak flux values in excess of 3000 kWth/m2, a level sufficient to
support research on high temperature thermochemical processes.

In this work, we present the design and experimental characteri-
zation of a four-lamp, 10 kWe HFSS built with commercially
available parts and using metal halide lamps. This four-module
HFSS transfers 3.5 kWth to a 6 cm target located at a distance of
813 mm from the arc center. The measured peak flux of this simu-
lator is 2890 kWth/m2. The simulator is designed to be reconfigur-
able, including up to a total of seven modules that would deliver
an estimated 5.5 kWth at a peak flux of 4900 kWth/m2. The cost of
this HFSS is $3300/kWth delivered to the target. State of the
art systems based on Xe arc lamps can cost up to $60,000/kWth

delivered [9].

Simulator Design and Characterization

Design Constraints. The HFSS design that we present was
developed to support the experimental evaluation of a ceria-based
thermochemical hydrogen-production reactor sited at Sandia
National Laboratories (SNL) [10]. The reactor requires radiant
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heat input to support the partial reduction of cerium oxide in a
reduced pressure (1–10 Pa) atmosphere and at a temperature
greater than 1400 �C [11]. A schematic of the test assembly is
shown in Fig. 1(a). All heat input from the HFSS enters the ther-
mal receiver/reactor through a quartz dome shown in detail in Fig.
1(b).

In operation, the metal oxide reactant is heated in the reduction
chamber to a temperature of �1500 �C to facilitate thermal reduc-
tion. Achieving the necessary conditions with the receiver requires
that the simulator produce an average flux level across the 6 cm aper-
ture of �1050 kWth/m

2, delivering a total thermal power of at least
3 kWth to the aperture. The total electrical input power required by
the simulator array was estimated to be between 9 kWe and 12 kWe

based on an expected transfer efficiency, the ratio of thermal power
delivered to electrical power input, of between 25% and 33%.

This thermal receiver operates under vacuum and as such utilizes
a quartz dome to seal the aperture. The dome is mounted to the
receiver using a high temperature gasket that must not be allowed
to exceed a temperature of 200 �C. This constraint requires that all
light from the simulator intercept the receiver aperture within a
cone having an acceptance angle of 90 deg. This defines the allow-
able rim angle of the simulator array and effectively limits the
number of modules in the array to a maximum of five based on the
diameter of each module and best-case packing configuration.

Single Module Design and Characterization

Optical System Configuration. The design constraints of the ther-
mochemical reactor dictate that our simulator array consist of no
more than five lamp-mirror modules delivering a total of 3 kWth to a
6 cm diameter aperture. Our overarching design objective was to pro-
duce a HFSS from commercially available components in order to
minimize cost and improve the accessibility of HFSSs in general. A
survey of commercially available lamp options resulted in the selec-
tion of the Philips MSR Gold 2500W/2 FastFit metal halide lamp as
our light source (Philips Lighting, (Amsterdam, The Netherlands)
[12]). This lamp has a relatively short arc length for its power class
and, assuming a transfer efficiency between 25% and 35%, should
deliver between 625 Wth and 875 Wth for a single module, or
between 3125 Wth and 4375 Wth for a five lamp array. This lamp
also has a single-ended, bayonet-style connection and requires a
PGJX-50 lamp holder, which is rated to provide electrical isolation
up to the lamps ignition voltage of 5 kV (Bender and Wirth, Kierspe,
Germany).

Mirrors for HFSSs can be produced in a number of ways. Many
systems in use today are based on custom-built mirrors made using

a process called metal spinning in which tool is used to press a spin-
ning metal sheet against a mandrel, forming the shape of the mirror.
We opted to use an electroformed mirror in an effort to achieve a
higher-quality reflective surface than possible with metal spinning.
Several mirror options from Optiforms, Inc. (Temecula, CA) [13],
were considered and are summarized in Fig. 2 (Optiforms).

Each of these mirror options is composed of a structural nickel
substrate (1.3 mm thick) topped with reflective silver and an alumi-
num oxide overcoat (50 nm combined). The metal halide spectrum-
weighted reflectivity and diffuse fraction, presented by Roba and
Siegel [6], is 90.0% and 0.4%, respectively. The RMS surface rough-
ness was reported by the manufacturer to range between 20 nm and
30 nm. Of the options shown in Fig. 2, the E-813 has the least
amount of truncation and will intercept more of the radiant energy
from a lamp than will the other options. This was illustrated quantita-
tively by calculating the view factor between a lamp and the mirror
surface (VFLM) as

VFLM ¼ 1� ðVFL1 þ VFL2Þ

where VFL1 and VFL2 are the view factors between the lamp and
the circular surfaces corresponding to the truncation planes. The
results of this calculation are given in Fig. 2 and show that the
E-813 has a distinct advantage over the E-1023 mirror, by only a
slight advantage relative to E-1585. These two options will intercept
roughly the same amount of light, but the peak flux for the E-813
reflector will be greater owing to its smaller interfocal distance and
correspondingly lesser amount of beam spread between the mirror
surface and target. We note that the mirror options shown in Fig. 2
do not represent the full extent of the design space; custom electro-
formed optics can be produced that would enable a greater interfo-
cal distance while still intercepting a large fraction of light from the
lamp. We chose a stock reflector geometry to minimize cost and
reduce lead time.

The structure of the lamp-mirror module is largely built from
extruded aluminum framing from 80/20, Inc (Columbia City, IN)
[14]. This hardware is easy to work with and avoids time consum-
ing and costly machining and welding operations. Two module
components, the attachment between the lamp holder and the
framing, and the aluminum plate at the top of the module, were
custom produced from laser cut aluminum sheet. The mirror was
connected to the structure using an aluminum ring provided by
Optiforms that is bonded to the outer surface of the mirror with
silicone rubber. A picture of a single module is shown in Fig.
3(a), and an exploded assembly view with all major components
labeled is shown in Fig. 3(b).

Fig. 1 (a) A diagram of the water-splitting thermochemical reactor at SNL with the major components labeled and
(b) a detailed cross section of the thermal receiver/reactor including the quartz dome covering the aperture
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A cooling fan was included above the mirror to manage the
temperature of the mirror and the lamp holder. A thin alumi-
num sheet was wrapped around the entire structure to prevent
access to energized components. The module can operate in
any orientation, although some lamps have limitations on the
allowed burning position that can restrict the allowable simula-
tor orientation.

Module Characterization. The performance of the single mod-
ule was evaluated through a combination of full beam calorimetry
to measure radiant power delivery, and optical flux mapping with
a lambertian target to characterize the flux distribution. The results
of these tests are presented by Roba and Siegel [6], and summar-
ized in Fig. 4 for clarity.

Each module can deliver about 900 W of power to the target
plane at a peak flux of 860 kW/m2. This corresponds to a transfer

efficiency of 37%. It should be noted that the performance of an
individual module can be very sensitive to the position of the
lamp center relative to the mirror focus. The flux map shown in
Fig. 4 was the result of a parametric study in which the position of
the lamp was varied in 0.5 mm increments (using shims) a total of
2 mm in front of and behind the mirror focus location specified by
the manufacturer.

High Flux Solar Simulators Array Design and Characterization

Optical Design. The single module test data indicate that the
target of 3 kWth of power delivery can likely be satisfied by an
array of four 2500 W lamps even when the lamps are not oriented
normal to the target plane. We considered two possible array con-
figurations shown schematically in Fig. 5 and including both a
four lamp array and a five lamp array.

Fig. 2 Schematic and dimensions of several electroformed ellipsoidal mirrors (Optiforms [13])

Fig. 3 (a) An image of a single HFSS module and (b) an exploded drawing showing all components except for the
electronic ballast
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Each module in the four lamp array is oriented such that the angle
between its optical axis and the vector normal to the center of the
reactor aperture, hMA, is 24.5 deg. For the five lamp array, the angle
is 30 deg. The rim angle, hRIM, is the angle between the aperture
normal and the edge of any of the mirrors. This represents roughly
half of the angular width of the beam of light produced by the simu-
lator array and must be less than 90 deg, the acceptance angle of the
reactor shown in Fig. 1. The five lamp array does not meet this crite-
rion, and spillage on the aperture hardware is expected. We note
that a rim angle of 45 deg is commonly used for parabolic dish sys-
tems and for solar furnaces as this configuration results in the great-
est theoretical concentration ratio [15].

Optical ray tracing models were developed to directly assess
likely power delivery to the aperture and the resulting flux distri-
bution. For the analysis, we used the commercial ray tracing pack-
age, Trace Pro (Lambda Research Corporation (Littleton, MA)

[16]), to evaluate both the four lamp and five lamp configurations.
The results of this analysis are shown in Fig. 6 and have been
truncated to fit on a 6 cm diameter target.

The simulations showed that the both the four and five lamp
arrays would be sufficient to meet the power delivery and flux tar-
gets of the thermochemical reactor prototype. Of the two configu-
rations, the four lamp array spills less energy on the hardware
surrounding the aperture owing to its slightly smaller rim angle.

Fabrication. The four lamp simulator array was constructed
from identical lamp-reflector modules attached to a common
structural frame, as shown in Fig. 7.

Each module must be positioned with respect to azimuth and
elevation to allow the beam from each to be overlapped at the tar-
get plane, thus maximizing intercept by the aperture. Figure 7
shows each module hanging from a single support beam. Each of

Fig. 4 (a) A flux map of a single simulator module at the aperture plane when the optical axis of the simulator is parallel to
the target surface normal vector, (b) the corresponding cross-sectional flux distribution, and (c) a summary of measured per-
formance parameters for a 6 cm aperture diameter

Fig. 5 Configurations for four and five lamp HFSS arrays
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these beams is, in turn, attached by a bolted connection at a cen-
tral hub. This connection allows for motion in the azimuthal direc-
tion. Position in elevation is constrained by a hinged connection
between each module and the overhead beam along with a second
connection via a turnbuckle. The turnbuckle is used to change the
elevation angle of a given module within a specific range. Align-
ment of the HFSS with the target was facilitated using laser diodes
mounted to the lamp holder and projecting along the module opti-
cal axis. These lasers allowed for a simple visual approximation
of beam intercept with the target.

Arc lamps require electronic control systems, commonly
referred to as ballasts, to moderate the current flow to the lamp
during startup and operation. There are many ballast manufacturers
producing hardware sufficient to drive any of the lamps that we
considered. The price for a ballast varies from $500 to $4000 per
lamp for lamps requiring up to 3 kWe of input power. The range in
price is largely due to the features included with the ballast, which
can be nothing more than the solid state electronic core at the

lowest price point, or a complete rack-mounted unit with integral
cooling, control, and display and alarm functions. The ballasts
used for these modules were dual output 6 kWe ballasts manufac-
tured by Powergems Limited (model EB2X250PR) (PowerGems
(Manchester, UK) [17]), provided by Sandia from a previous pro-
ject. These cost about $6000. Alternatively, we have also used a
single output, 2500 We ballast from CCI Power Supplies, LLC
(model MHS2500M7ZC) (CCI Power Supplies LLC (Pardeeville,
WI) [18]). This option consists of the electronic core and costs
about $700 for a single 2500 We output but requires the addition of
a suitable housing, cooling system, and control/display/alarm sys-
tems. These features can be fabricated for an additional $100 per
ballast.

Control of each simulator module is done through the ballast
using a low voltage DC signal, and it is desirable to include a
safety interlock that shuts the system down in the event of a com-
ponent failure, such as loss of cooling that could lead to lamp fail-
ure. We configured the ballasts to operate with a current switch on
the power connection to the cooling fans. This normally closed
switch opens when power to the fan is interrupted, thus signaling
the ballast to cut power to the lamp. A schematic of our control
system is shown in Fig. 8.

Array Characterization. The simulator array was characterized
experimentally in the same manner as single modules, using a
combination of full beam calorimetry and optical flux mapping in
beam down configuration shown in Fig. 9. The results of the char-
acterization effort are summarized in Fig. 10.

The experimental peak flux of the HFSS is 2890 kWth/m
2, and the

power delivered to a 6 cm diameter aperture is 3531 Wth. Both of
these parameters, as well as the overall shape of the flux map at the
aperture, are in good general agreement with the values predicted by
the optical model. The cross section of the flux map shown in Fig.
10(b) includes upper and lower limits for the experimental data cor-
responding to the uncertainty associated with their measurement.

Bill of Materials and Cost Summary. The bill of materials for
the four lamp HFSS array is presented in Table 1 along with a
cost summary. The ballast cost is given as a range to reflect the
fact that multiple options exist for this hardware at different price
points. In addition, some of the reported costs should be

Fig. 6 Four and five lamp simulated flux maps along with a summary of the key performance parameters

Fig. 7 A four-lamp HFSS in the beam down configuration. Wir-
ing and control hardware is routed over the top of the support
structure. In addition, a camera and pyrometer may be posi-
tioned to view the aperture through the gap in the center of the
array.
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Fig. 8 A wiring diagram of the dual output ballast connected to two lamps along with associated cooling and safety circuits

Fig. 9 (a) A picture of the full beam calorimeter in its flux mapping position used at SNL and (b) a pic-
ture of the water-cooled target in its flux mapping position

Fig. 10 (a) The experimental flux map, (b) flux map cross section, and (c) summary of performance parameters for
the four-lamp HFSS

045001-6 / Vol. 140, AUGUST 2018 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/solarenergyengineering/article-pdf/140/4/045001/6409372/sol_140_04_045001.pdf by guest on 19 M

ay 2023



considered high estimates given that they can decrease with the
number of units purchased. Finally, we note that there are mini-
mum purchase quantities tied to certain components such as lamp
holders and ignitors, depending on vendors.

Each simulator module required roughly 5 h to assemble once
the mounting plates were machined. An expanded version of
Table 1 including individual part numbers and vendor information
is available online along with the design drawings for the single
module and four-module HFSS [19].

HFSS Array Configurations. Other HFSS configurations were
investigated via optical modeling to define the performance space
for arrays having three to seven modules each built from an E-813-
1 reflector and a Philips MSR Gold 2500W/2 FastFit lamp. In these
simulations, the geometric configuration of the lamps in the array
was set to minimize the rim angle and the resulting flux maps were
calculated. The per-module cost of materials from Table 1 was then
applied to the number of modules for a given configuration to pro-
duce a total material cost for each configuration. The array support
structure hardware cost was estimated to be $250 per module based
on our specific beam-down configuration. Finally, the equivalent
cost of thermal energy delivered to the target was calculated. The
results of this analysis are presented in Table 2 [12–14,16–18,20].

The results in Table 2 show that the lowest cost HFSS on a
$/kWth delivered basis is achieved by a three lamp array. The
seven lamp array delivers the most power, at 5.6 kWth at the high-
est peak flux of 4900 kWth/m2. The cost of the array per kWth

increases as the array size increases due to the cosine loss reducing
the effective flux delivered by each subsequent lamp to the target
plane. That said, the difference in price between the least expen-
sive and most expensive configuration is only 6%.

Conclusions

We have shown that a relatively inexpensive high flux solar
simulator based on metal halide lamps can be built from commer-
cially available components at a cost of about $3300/kWth deliv-
ered to the target plane. A four lamp array of this type delivers
3.5 kWth at a peak flux of 2900 kWth/m2. Depending on the con-
straints of the specific application it is possible to further increase
the size of the array to accommodate experiments with higher

power and flux demands. We presented several different HFSS
configurations ranging in size to a seven-lamp array that delivers
5.5 kWth at a peak flux of 4900 kWth/m2 at an estimated hardware
cost of $3400/kWth.
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Table 2 Predicted performance of various HFSS
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Number of
lamps
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(W)
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(kW/m2)

Cost of
materials
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($/kWth)
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7 4857 5579 1974 $19,028 $3411

Journal of Solar Energy Engineering AUGUST 2018, Vol. 140 / 045001-7

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/solarenergyengineering/article-pdf/140/4/045001/6409372/sol_140_04_045001.pdf by guest on 19 M

ay 2023

https://www.osti.gov/servlets/purl/1368436
http://dx.doi.org/10.1115/1.2769701
http://dx.doi.org/10.1016/j.solmat.2015.06.016
http://dx.doi.org/10.1016/j.solmat.2015.06.016
http://dx.doi.org/10.1016/j.rser.2017.01.056
http://dx.doi.org/10.1016/j.rser.2017.01.056
http://dx.doi.org/10.1016/j.solener.2013.12.008
http://dx.doi.org/10.1016/j.solener.2017.08.072
http://dx.doi.org/10.1016/j.solener.2010.08.007
http://dx.doi.org/10.1115/1.4036411
http://dx.doi.org/10.1016/j.egypro.2014.03.235
http://dx.doi.org/10.1115/1.4023356
http://dx.doi.org/10.1115/1.4023356
http://dx.doi.org/10.1016/j.solener.2017.08.040
http://dx.doi.org/10.1016/j.solener.2017.08.040
http://www.lighting.philips.com/main/prof/conventional-lamps-and-tubes/special-lamps/entertainment/touring-stage/msr-goldtm-fastfit/928106405115_EU/product
http://www.lighting.philips.com/main/prof/conventional-lamps-and-tubes/special-lamps/entertainment/touring-stage/msr-goldtm-fastfit/928106405115_EU/product
http://www.lighting.philips.com/main/prof/conventional-lamps-and-tubes/special-lamps/entertainment/touring-stage/msr-goldtm-fastfit/928106405115_EU/product
https://www.optiforms.com/electroforming/elliptical-reflectors/
https://www.8020.net/
http://sfera.sollab.eu/downloads/Schools/Optics_of_Solar_Concentrators_Segal.pdf
http://sfera.sollab.eu/downloads/Schools/Optics_of_Solar_Concentrators_Segal.pdf
https://www.lambdares.com/tracepro/
https://powergems.com/product/eb2x250pr-2x2500w-19-electronic-ballast/
https://powergems.com/product/eb2x250pr-2x2500w-19-electronic-ballast/
https://www.ccipowersupplies.com/pdfs/CCI-Product-Range.pdf
https://www.ccipowersupplies.com/pdfs/CCI-Product-Range.pdf
https://drive.google.com/drive/folders/1lqRgKHpvcR0BtD4wzhvrSZAdE32KKwI4
https://drive.google.com/drive/folders/1lqRgKHpvcR0BtD4wzhvrSZAdE32KKwI4
http://bender-wirth.com/katalog/katalog.php?lan=1&BASES=PGJ50;PGJX50
http://bender-wirth.com/katalog/katalog.php?lan=1&BASES=PGJ50;PGJX50
http://bender-wirth.com/katalog/katalog.php?lan=1&BASES=PGJ50;PGJX50

	aff1
	l
	s2B1
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	1
	2

